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Enhanced deformation of limestone and sandstone in
the presence of high pCO2 ﬂuids
Y. Le Guen, F. Renard, R. Hellmann, E. Brosse, M. Collombet, D. Tisserand, and J.-P.
Gratier
Abstract. Geological repositories subject to the injection of large amounts of anthropogenic carbon
dioxide will undergo chemical and mechanical instabilities for which there are currently little experimental
data. This study reports on experiments where low and high pCO2 (8 MPa) aqueous ﬂuids where injected
into natural rock samples. The experiments were performed in ﬂow-through triaxial cells, where the vertical
and conﬁning stresses, temperature, pressure and composition of the ﬂuid were separately controlled and
monitored. The uniaxial vertical strains of two limestones and one sandstone were continuously measured
during separate experiments for several months, with a strain rate resolution of 10−12 s−1. Fluids exiting the
triaxial cells where continuously collected and their compositions analysed. The high pCO2 ﬂuids induced an
increase in strain rates of the limestones by up to a factor of 5, compared to the low pCO2 ﬂuids. Injection
of high pCO2 ﬂuids into the sandstone resulted in deformation rates one order of magnitude smaller than
the limestones. The creep accelerating eﬀect of high pCO2 ﬂuids with respect to the limestones is mainly
due to the acidiﬁcation of the injected ﬂuids, resulting in a signiﬁcant increase in solubility and reaction
kinetics of calcite. The much weaker response of the sandstone to high pCO2 ﬂuids is due to the much lower
solubility and reactivity of quartz as a function of pH. In general, all samples showed a positive correlation
between ﬂuid ﬂow rate and strain rate. X-ray tomography results revealed signiﬁcant increases in porosity
at the inlet portion of each core; the porosity increases were dependent on the original lithological structure
and composition. The overall deformation of the samples is interpreted in terms of simultaneous dissolution
reactions in pore spaces and intergranular pressure solution creep.
1 Introduction
The subsurface sequestration of CO2 in geological
repositories is frequently cited as a promising solu-
tion for reducing the amount of anthropogenically
produced CO2 released to the atmosphere. Some of
the major issues involved in the long-term sequestra-
tion of CO2 in such sites are discussed in an overview
by Wawersik et al. (2001), for example. This overview
considers that it is essential for models to be able to
predict CO2-ﬂuid and repository behavior over pe-
riods of several thousand years. Thus, in order to
advance our knowledge of the processes involved in
the geological sequestration of CO2, one of the most
important challenges facing geoscientists is to un-
derstand and quantify all of the mechano-chemical
processes, at both short and long time scales, that
are relevant to CO2 injection and storage in geologi-
cal formations (Lackner, 2003).
Injection of CO2 into a geological reservoir has
the potential of creating a chemical and ﬂow regime
disturbance that will in turn aﬀect ﬂuid-rock inter-
actions, causing the porosity, permeability, and me-
chanical stability of the porous rock matrix to change
with time. There are diﬀerent reasons for this, includ-
ing acidiﬁcation of pore ﬂuids by the dissociation of
carbonic acid. Under the eﬀect of high partial pres-
sures of CO2 (PCO2), the kinetic rates of ﬂuid-rock
interactions are potentially increased. This is par-
ticularly important in limestones, or any permeable
rock that contains carbonates, where a decrease in pH
(with increasing PCO2 in the ﬂuid) leads to a large in-
crease in carbonate solubility and dissolution kinetics
(Plummer et Busenberg, 1982).
To describe water-rock-CO2 interactions in lime-
stone, the following general chemical reaction
(Stumm et Morgan, 1996) can be used:
CaCO3(s) + CO2(g) + H2O(aq) ⇀↽ 2HCO−3 + Ca
2+
In this equation, higher PCO2 level drives calcite dis-
solution to the right and increases the concentration
of dissolved calcium in the pore ﬂuid. Thus, the
porosity of the rock matrix is likely to evolve dur-
ing water acidiﬁcation. On one hand, the dissolution
of the calcium carbonate should lead to an increase
in porosity, but, in turn, the weakening of the rock
limestone skeleton promotes mechanical and chemi-
cal compaction, and therefore a potential decrease in
porosity. Several mechanisms can be involved in this
overall process: (I) elastic strain due to a modiﬁcation
of the mechanical properties of the porous medium,
(II) cataclastic strain, such as grain crushing, (III)
compaction by subcritical crack growth (Atkinson,
1984; Lockner, 1993) or, (IV) compaction by pressure
solution creep (Weyl, 1959; Spiers et Schutjens, 1990;
Dewers et Hajash, 1995; Renard et al., 2005; Hell-
mann et al., 2002a). These four mechanisms, which
speciﬁcally may aﬀect shallow geological repositories
(< 3 km), are brieﬂy discussed below.
(I) In an elastic regime, the rock deforms pro-
portionally to the applied stress. For a given stress,
Young’s modulus and Poisson’s ratio correspond to
a unique ﬁnite strain. However, for a given stress,
if the mechanical properties of the rock change with
time, the compaction also varies. As carbonate rocks
are particularly reactive in the presence of CO2-rich
ﬂuids, the local grain structure may change the over-
all Young’s modulus, inducing greater strain for a
given stress. However, the porous medium is not re-
organized during compaction, in contrast with plastic
deformation.
(II) When subjected to overall compressive load-
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ing, a rock can respond by cataclastic behavior (Ren-
ner et Rummel, 1996; Wong et al., 1997). Cata-
clastic deformation induces permanent strain, involv-
ing brittle strain at the grain scale by intragranular
and transgranular cracking, frictional grain boundary
sliding, and grain rotation (Sibson, 1986). Blocks or
grains of various sizes can also slide past each other
along a stable network of fractures. For a given stress
state, this is associated with compaction or expan-
sion, depending on the initial rock porosity (Baud
et al., 2000). In carbonate rocks, the rock shear
strength decreases with increasing porosity and grain
size (Renner et Rummel, 1996; Vajdova et al., 2004).
(III) Subcritical crack nucleation and growth ex-
plain why a brittle material, loaded below its failure
strength, undergoes a permanent, time-dependent
deformation. This can be due to several compet-
ing mechanisms, some of which are dependent upon
chemical environment. Stress corrosion is the most
familiar, and is assumed to be the most eﬃcient
crack extension process at shallow crustal conditions
(Atkinson, 1982). This mechanism involves the pres-
ence of a corrosive agent such as water (Atkinson,
1984; Lockner, 1993), which weakens strained bonds
at crack tips, especially in silicates (Charles, 1958;
Scholz, 1972). In calcite, as dissolution rates are very
rapid, dissolution can also be an eﬃcient mechanism
for catalyzing subcritical crack growth. In this case,
subcritical crack growth rate is controlled by reaction
kinetics and supply rate of the corrosive agent to the
crack tip (Martin et Durham, 1975).
(IV) Pressure solution creep (PSC) is a chemico-
mechanical process based on the interaction between
pore ﬂuid and rock grains under the driving eﬀect of
a normal stress gradient (Weyl, 1959; Rutter, 1976).
This process is particularly eﬀective compared to
other strain processes (cataclasis, plastic deforma-
tion) in the upper crust. It is dependent on the pres-
ence of pore ﬂuids, and is favored by moderate de-
viatoric stresses and temperatures (up to greenschist
facies) (Rutter, 1983; Tada et Siever, 1989); see also
review in Evans et Kohlstedt (1995). It is driven by
stress-enhanced dissolution along intergranular grain
contacts, where the normal stress at grain-grain con-
tacts (subject to lithostatic stress) exceeds that at
grain pore surfaces (subject to hydrostatic stress).
Since the normal stresses acting on a solid scale with
the chemical potentials, the rate of dissolution and
the solubility in the intergranular zone will be greater
than in the pore ﬂuid (Paterson, 1973). A concentra-
tion gradient is therefore created, and leads to diﬀu-
sional mass transfer in a thin ﬂuid ﬁlm to the pore
ﬂuid. Once the dissolved material reaches the pore
space (lower solubility zone), it either precipitates,
or is transported by advective transport through the
porous medium (Dewers et Ortoleva, 1990; Gunder-
sen et al., 2002). The slowest of the three serial steps:
dissolution, diﬀusion and precipitation, controls the
overall deformation rate of the rock matrix (Rutter,
1976; Raj et Chyung, 1981).
In the context of massive injection of CO2 in
aquifers, the PSC mechanism may play a major role,
particularly in carbonate rocks whose reactivity is
very sensitive to the PCO2 of the pore ﬂuid. In the
presence of high PCO2 ﬂuids, increased rates of dis-
solution (in both pore spaces and grain-grain con-
tacts) may lead to signiﬁcantly higher strain and com-
paction within an aquifer due to PSC. However, to
the authors’ knowledge, there are no data in the lit-
erature on the long-term impact of high PCO2 ﬂuids
on the mechanical creep of consolidated rock samples.
To address this problem, we investigated the creep
weakening of limestone and sandstone core samples
in the presence of percolating low and high PCO2 ﬂu-
ids at conditions equivalent to a reservoir located at
800 m depth. Our experiments used specially de-
signed triaxial cells that permitted measurement of
remarkably small strain rates (10−12 s−1), over peri-
ods ranging from several months, up to two years.
As very low strain rates could be measured,
stresses and temperature were set to reservoir con-
ditions corresponding to moderate depths (< 1 km),
in contrast to other PSC experiments conducted
at much high temperatures (1200 K) and pressures
(340 MPa), e.g., (Rutter, 1976; Cox et Patterson,
1991). Our approach permits us to directly apply
our results to CO2 sequestration in aquifers, and does
not require extrapolation of data to environments at
lower temperature and pressure conditions. The re-
sults obtained in the present study ﬁll a gap in ex-
perimental data on long-term ﬂuid-rock interactions,
and can supplement large-scale data sets obtained
from case studies where CO2 has been massively in-
jected into depleted oil reservoirs, such as in Wey-
burn, Canada (Moberg, 2001; Whittaker et Rostron,
2002; Preston et al., 2005; Emberley et al., 2005), or
into saline aquifers, such as in Sleipner, Norway (Bak-
lid et al., 1996; Arts et al., 2000; Gale et al., 2001;
Johnson et Nitao, 2002; Chadwick et al., 2002).
Fluid assisted deformation processes have been
extensively studied experimentally using both aggre-
gates and consolidated rocks of various compositions
in the presence of reactive ﬂuids. The following stud-
ies are representative of this approach: quartz mate-
rial (de Boer et al., 1977; Gratier et Guiguet, 1986;
Houseknecht, 1988; Cox et Patterson, 1991; Schut-
jens, 1991; Hajash et Bloom, 1991; Dewers et Ha-
jash, 1995; Renard et al., 1997; He et al., 2003),
quartzite (den Brok et Spiers, 1991; den Brok, 1996),
halite rock (Hellmann et al., 1998), sodium chloride
or sodium chlorate aggregates (Spiers et Schutjens,
1990; den Brok et al., 1999; Renard et al., 2001; den
Brok et al., 2002; Zoubstov et al., 2004), gypsum pow-
ders (de Meer et Spiers, 1995, 1997). In all of these
studies it was determined that PSC was the deforma-
tion process that dominated.
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2 Experimental methods and
samples
2.1 Experimental set-up and rate-
controlling parameters
The vertical uniaxial compaction of ﬁve core sam-
ples of porous rock (23 mm in diameter and 48 mm
in height) was monitored in separate experiments for
periods ranging from several months to two years, in
specially designed triaxial cells under constant load
conditions. The vertical (σ1) and conﬁning stresses
(σ3 = σ2), ﬂuid pressure (Pf ), temperature, PCO2 ,
and ﬂuid ﬂow rate were independently controlled and
measured (Figure 1). Throughout this study we re-
fer to a quantity called the eﬀective stress which we
deﬁne as the mean stress minus the ﬂuid pressure:
σe =
σ1 + σ2 + σ3
3
− Pf (1)
Note that this quantity has also been termed ‘ef-
fective pressure’ by other authors (e.g., Raj (1982)).
The vertical stress (σ1) was imposed by a piston
directly in contact with the sample. The horizontal
conﬁning stress (σ3) was applied via an inert gas act-
ing over a latex sleeve enclosing the sample. This
latex sleeve had a dual role: ﬁrst, it transmitted the
conﬁning pressure to the sample; and second, it pro-
vided an impermeable membrane to prevent ﬂuids
from escaping. A cylindrical furnace with three heat-
ing zones ensured homogeneous heating of the sample
over its entire length.
Fluids were injected by using a high pressure liq-
uid chromatography pumps (Knauer K-1001 HPLC)
located at the inlet of the triaxial cell. The ﬂuid pres-
sure in the entire system was controlled by a back-
pressure regulator located at the outlet of the triaxial
cell (Figure 1). Fluid ﬂow was from bottom to top
through the sample. A perforated plate ensured an
even spatial distribution of ﬂuid at the interface be-
tween the plate and the bottom of the core. For each
sample, the ﬂuid ﬂux remained constant, and was
set at 0.005 ml.min−1 (8.3×10−11 m3.s−1); this being
equivalent to a Darcy velocity of ∼ 1 × 10−6 m.s−1,
depending on the initial sample porosity (see Table 2
for details). Such low ﬂuid ﬂuxes are close to ﬂow
rates in natural aquifers (De Marsily, 1986). Two dif-
ferent ﬂuids were injected through the samples: mod-
erately saline solutions ([NaCl] = 10−2 mol.l−1), or
just pure, de-ionized H2O. The ﬂuid PCO2 was set ei-
ther equal to the atmospheric value (10−4.5 MPa) or
8 MPa (see exact values in Table 1). These ﬂuids are
henceforth referred to as ‘low’ and ‘high’ PCO2 ﬂuids,
respectively.
High PCO2 ﬂuids were prepared in a separate
1000 ml autoclave maintained at a constant temper-
ature (40 or 80 ◦C) using the following protocol. The
autoclave was ﬁrst ﬁlled with carbon dioxide ice and
sealed. Solution was then injected until the autoclave
pressure was 8 MPa. At these conditions, a supercrit-
ical CO2 phase at 8 MPa, coexisted with the aqueous
solution (lower density CO2 located above the aque-
ous ﬂuid in autoclave). Note that the critical point of
pure CO2 is T = 31 ◦C and P = 7.35 MPa (Spycher
et al., 2003).
Rapid exchange kinetics of CO2 over the inter-
face (Carroll et Knauss, 2005), injection of solution at
the top of the autoclave, and an impeller ensured an
homogeneous and well-mixed solution at high PCO2
(8 MPa). A tube extending almost to the bottom of
the autoclave ensured that only high PCO2 ﬂuid phase
was injected into the triaxial cell. After the initial
preparation of the high PCO2 solution, new aqueous
solution was continuously pumped into the autoclave,
which in turn forced the existing high PCO2 ﬂuid into
the rock core within the triaxial cell. The system
pressure was always ﬁxed at 8 MPa, set by the back
pressure regulator. New ﬂuid injected into the auto-
clave had ample time to equilibrate with the super-
critical CO2 phase, given that the residence time of
more than one week greatly exceeded the kinetics of
CO2 exchange (Carroll et Knauss, 2005). In addi-
tion, the new solution injected per day represented
less than 0.5% of the ﬂuid volume in the autoclave.
The composition of the H2O-CO2 solution inside the
autoclave remained constant. To avoid any modiﬁca-
tion of the ﬂuid composition between the autoclave
and the triaxial cell, the tube linking them was heated
to the same temperature as the autoclave and the tri-
axial cell using heating tape.
The vertical uniaxial strain of the samples was
measured with high resolution digital linear encoders
(LE/12/S IP50, Solartron) at a constant time-step
of 20 minutes. Two displacement sensors were in-
stalled on each triaxial cell, the ﬁrst one measured
the sample strain, and the second one acted as a ref-
erence, thereby ensuring that drift in the displace-
ment sensor measurements was less than 3% of the
measured strain (for the sandstone sample, as strain
was exceeding small, this represented about 6%) (Fig-
ure 1). The sensitivity of the displacement sensors
was 0.05 µm, and their stability over a week was
less than 1 µm. This ensured a remarkably lower
detection limit of 10−12 s−1 for the strain rate. Mea-
surement of the lateral strain was not possible in the
experimental setup used.
For the samples deformed towards the end of our
experimental program (Lavoux W526, W520 and the
sandstone), three pressure transmitters (Series 33X,
Keller) were ﬁtted to each triaxial cell. They provided
a even more accurate measurement of the vertical uni-
axial stress, the conﬁning stress, and the ﬂuid pres-
sure. As was the case before, displacement measure-
ments were recorded automatically every 20 minutes.
The accuracy of the transmitters was 0.002% of the
measured pressure. Because of these pressure trans-
mitters, small variations in stresses and ﬂuid pressure
related to thermal variations in the lab could be de-
tected.
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2.2 Rock samples
To investigate the inﬂuence of mineralogy on de-
formation behavior, three diﬀerent rock core sam-
ples were used: two limestones with diﬀerent grain
sizes (Estaillades and Lavoux), and one arkosic sand-
stone (Villefranche-sur-Cher). The initial porosities
and permeabilities were measured by standard tech-
niques, as well as the chemical composition using an
X-ray ﬂuorescence technique (Table 1).
1. The Estaillades sample is a Cretaceous bioclas-
tic limestone, extracted from the Estaillades
quarry (SE France). Optical observations of
thin sections revealed it to be composed of mm-
sized algae grains (≈0.7-1 mm) cemented by a
microsparite (Figure 2a). The overall composi-
tion is 99% calcite, the porosity equals 30.6%,
and the permeability is 270 mD (Table 1).
2. The second sample was a Dogger limestone
from the Lavoux quarry (central France). It
is a peloidal and bioclastic limestone (Fig-
ure 2b), with 100-200 µm-sized grains (Honey-
borne, 1982; Ioannou et al., 2004). Its porosity
is approximately 23%, and the permeability is
12 mD. Two diﬀerent core samples were used:
W526 and W520 (Table 1).
3. The last sample was a Triassic arkosic
sandstone, extracted from a borehole in
Villefranche-sur-Cher (central France). This
sandstone is an assemblage of quartz (≈ 73%
mass) and feldspar (≈ 15% mass) millimet-
ric grains cemented with dolomite (Figure 2c).
The porosity and permeability are 15.8% and
461 mD, respectively (Table 1).
2.3 Experimental conditions
Once the stresses and temperatures were set to the
desired values, the sample was allowed to equilibrate
for several weeks in order to measure strain rate un-
der dry conditions. This procedure was necessary to
ensure that samples were in elastic and plastic equi-
librium with the stresses before ﬂuid injection. As no
signiﬁcant strains were measured at this stage, dry
strain periods served as a reference for comparison
with deformation periods in the presence of ﬂuids.
Dry deformation was followed by the injection of ﬂu-
ids at ﬁxed PCO2 values for periods of up to several
months. The experimental parameters (σ1, σ3, pf , T ,
PCO2 , ﬂuid ﬂow rate) are summarized for all samples
in Table 2.
2.3.1 Estaillades limestone
After a period of several months under stress at dry
conditions, two diﬀerent ﬂuids were successively in-
jected through the sample. First, low PCO2 water,
at ambient temperature (25 ◦C) was injected for 40
days. This was followed by an injection of high PCO2
water (7.8 MPa) at 80 ◦C for 6 months. During in-
jection of water at low PCO2 , σ1 and σ3 equaled 8.9
and 7.3 MPa, respectively. As a result of heating the
triaxial cell and the autoclave between the two in-
jection episodes (from 25 ◦C to 80 ◦C), σ1 and σ3
increased to 10 MPa and 8.5 MPa, respectively, dur-
ing injection of water at high PCO2 . Toward the end
of the experiment, the injection was stopped and the
core was allowed to deform under a no-ﬂow regime
for several weeks.
2.3.2 Lavoux limestone (W526)
After a period of 25 days under stress with no ﬂuid
percolation, a high PCO2 saline solution was injected
through the Lavoux W526 core sample. The ﬂuid
PCO2 was equal to 7.9 MPa, the temperature re-
mained constant at 40 ◦C during the entire exper-
iment, and σ1 and σ3 were respectively equal to
16.3 and 12 MPa (Table 2). The experiment on the
Lavoux W526 core sample lasted 70 days. The experi-
ment were abruptly ended due to a malfunction, caus-
ing a sudden drop in the conﬁning stress and leading
to sample collapse.
2.3.3 Lavoux limestone (W520)
After a period of 35 days at stress without ﬂuid, this
second Lavoux sample was subjected to two episodes
of percolation of a low PCO2 saline ﬂuid for more than
135 days. The ﬂuid PCO2 (10
−4.5 MPa), the tem-
perature (40 ◦C), σ1 (16.3 MPa) and σ3 (11.6 MPa)
remained constant during the entire experiment (Ta-
ble 2). Because of a problem with a particular la-
tex sleeve, the high PCO2 ﬂuid could not be injected
through this core sample.
2.3.4 Arkosic sandstone
After a three-week period at stress conditions with-
out ﬂuid, a high PCO2 saline solution was injected into
this sample, with PCO2 = 8.3 MPa (Table 2). This
injection lasted 70 days, and was then stopped. The
sample subsequently deformed in a no-ﬂow regime for
50 days. During most of the experiment σ1 and σ3
were equal to 16 MPa and 10.2 MPa , respectively.
At the end of the experiment, σ1, σ3 and pf were
reduced and then increased; this simulated a 100 m
uplift followed by burial. The temperature was set to
40 ◦C for the entire experiment.
2.4 Uniaxial strain and strain rate
measurements
The mechanical results presented below are given in
terms of strain, , and strain rate, ˙. The strain
was calculated from the uniaxial vertical displace-
ment measured directly on the samples:
 = |l − l0| /l0 (2)
where l0 is the initial sample height, and l, the sam-
ple height during the experiment (see inset in Fig-
ure 1). In practice, the displacement sensor directly
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measured the shortening ([l− l0] <0) of the core sam-
ple. For all samples the overall shortening after sev-
eral months was less than 0.1%. The vertical uniax-
ial creep rates (units s−1) were calculated over pe-
riods during which all the experimental parameters
(stresses, ﬂuid pressure, ﬂuid ﬂow rate, PCO2 , and
temperature) were constant for more than one week:
˙ =
|l − l0|
l0.∆t
(3)
The strain rates reported in the study are ‘steady-
state’ rates; the criterion for steady state was a
change in rate less than 5×10−11 s−1 during at least
one week.
2.5 Chemical analyses
During the deformation of each sample, ﬂuids were
continuously collected at the triaxial cell outlet, and
subsequently analysed by ICP-AES analysis (induc-
tively coupled plasma - atomic emission spectroscopy,
Perkin Elmer Optima 3300 DV). Fluids were sam-
pled at ambient conditions and acidiﬁed with ultra-
pure HNO3 to mitigate against precipitation of sec-
ondary phases. In order to collect enough ﬂuid for
ICP analysis, the concentration values for each ﬂuid
sample corresponded to about 2 days of percolation
through the core.
For the Estaillades limestone and the Lavoux
cores, only calcium and magnesium (dissolution of
calcite and dolomite) were used to evaluate how much
the rock (grains and cement) was dissolved and re-
moved. For the sandstone core sample, two diﬀer-
ent calculations were performed. The ﬁrst aimed
to evaluate the total amount of dissolved and trans-
ported material, so we considered calcium, magne-
sium and silicon, assumed to be derived from cal-
cite, dolomite and quartz respectively. The second
calculation aimed to evaluate only the dissolution of
the quartz grains and not the cement, so we only
considered silicon. The calculations did not include
feldspar because the aluminum concentrations were
at the limit of detection.
2.6 Theoretical calculations
2.6.1 Injected ﬂuids composition
In order to evaluate the chemical compositions of
the injected ﬂuids, thermodynamic calculations were
performed using the geochemical speciation codes
CHESS (van der Lee, 1993) and EQ3NR (Wolery,
1992). Both codes use the thermodynamic database
SUPCRT92 (Jonhson et al., 1992). Calculations us-
ing EQ3NR were based on the LLNL ‘composite’
(com) data base (Wolery, 1992).
The fugacity of the CO2 (fCO2) in the aqueous so-
lution was determined by the fugacity coeﬃcient of
pure CO2 from correlation diagrams given in Spy-
cher et al. (2003). Fugacity coeﬃcients at PCO2
equals 8 MPa ranged from ≈ 0.75 to 0.90, depending
on the temperature. Modeling the injected solution
was based on the following input parameters: com-
position of the solution (salinity), fCO2 , [H
+] (pH),
and temperature. Activity coeﬃcient for aqueous
species were calculated (EQ3NR) using the B-dot
equation. Based on the theoretical calculations, in-
put pH ranged from 3.1 to 3.2 for the high PCO2 so-
lutions, which represents a signiﬁcant decrease in pH
from 5.7, representing pure water or saline solution
in equilibrium with atmospheric CO2.
2.6.2 Degree of chemical non-equilibrium
For each experimental run, the degree of chemical
non-equilibrium for various mineral phases, based on
the Gibbs free energy of reaction, ∆G, was calculated,
using in situ triaxial temperature, measured chemical
compositions at 25 ◦C, fCO2 ≈ 5.6 MPa, and input
pH (which was allowed to vary). The in situ pH at
the triaxial output was calculated to vary between
4 and 5, reﬂecting consumption of [H+] during dis-
solution. We assumed that acidiﬁcation after sam-
pling prevented the precipitation of secondary phases
which could have altered the solution composition.
Free energy calculations were made for the diﬀerent
cores, at ﬂow and no-ﬂow conditions. Free energy
results for ﬂow were based on steady-state concen-
trations measured at the end of a run (or before a
change to no-ﬂow); ∆G values at no-ﬂow conditions
were based on the ﬁrst ﬂuid sample recovered after
injection of ﬂuids was restarted.
2.7 Tomography measurements
X-ray computed tomography (CT) was performed on
the diﬀerent cores to investigate changes in the spatial
evolution of porosity due to deformation and disso-
lution by PSC. The X-ray CT method is based on
the measure of X-ray-attenuation by the sample, and
computer 3D reconstruction of the density (see e.g.,
Hounsﬁeld (1973) and Herman (1980)). The attenua-
tion of X-rays depends on the thickness of the sample,
the mineralogy, and on the spatial variation of rock
matrix density. The main advantage of this method is
that it is non-destructive. Measurements, carried out
on a medical scanner located at the Institut Franc¸ais
du Pe´trole (IFP), involved generation of one radial
slice every 1 mm along the core axes, at a pixel size
resolution of 0.09 mm. CT images display attenua-
tion represented by gray scale variations, and aver-
age porosities over each slice can then be estimated
based on standard calibration techniques. CT images
can also be represented by a single attenuation, corre-
sponding to a ﬁxed radiological density, and therefore
corresponding to a ﬁxed porosity value.
138
3 Evidence of increased strain
in the presence of CO2
3.1 Instantaneous creep strain during
the initial injection of a ﬂuid in
dry samples
All of the experiments started with samples in a dry
‘as is’ state (no additional drying procedures used).
In the absence of ﬂuid, none of the core samples
showed suﬃcient steady-state strain to be measured
accurately (˙ <1.1×10−11s−1). Immediately after
the initial ﬂuid injections, all of the cores showed
an instantaneous strain response, followed by strain
rates that steadily decreased with time. Very sim-
ilar results have been reported by Hellmann et al.
(2002a) during ﬂow-through experiments on natural
chalk samples, as well as by others with aggregates
of diﬀerent mineralogies (de Meer et Spiers, 1999; He
et al., 2003; Zhang et Spiers, 2005; Chester et al.,
2005).
In the present study, as all the parameters were
held constant during the initial ﬂuid injection, these
instantaneous strains represented a direct chemical
eﬀect of the ﬂuid. The chemical nature of the ﬂuid
plays a key role. The eﬀect of non-polar ﬂuids on
this phase of initial creep has been previously investi-
gated; e.g., Spiers et Brezesowsky (1993) and Zhang
et Spiers (2005) showed no instantaneous strain of
calcite and NaCl in the presence of decane and
kerosene, respectively (non-solvent, non-polar ﬂuids).
This phenomenon was observed for all samples,
regardless of rock mineralogy and the ﬂuid PCO2 . All
the initial strain curves are superposed in Figure 3,
with all curves having the same origin in time (t = 0
≡ start of injection). All of the strain curves showed
the same trend: a high strain and strain rates con-
comitant with the start of injection over the ﬁrst few
days. For all of the cores the elevated strain periods
induced by initial ﬂuid injection lasted less than ten
days.
Examining the present results in detail, the inﬂu-
ence of ﬂuid PCO2 does not seem to be crucial. The
two Lavoux cores compacted the same magnitude and
at the same rates, despite the large diﬀerence in ﬂuid
PCO2 values. On the other hand, the mineralogy ap-
pears to play an important role, as can be evidenced
by similar strain behavior for the sandstone and the
Estaillades limestone, despite the fact that the ef-
fective stress acting on the Estaillades sample was
1.9 MPa vs. 3.8 MPa for the sandstone. The eﬀec-
tive stress appears to be the most important factor in
determining strain. In Figure 3, the recorded strains
of the three limestone samples correlates with the ef-
fective stresses.
3.2 Steady-state creep and transient
strain events
Average steady-state strain rates were estimated
when all experimental control parameters were main-
tained constant, and ˙ remained constant over time
periods of at least one week. An exception to this con-
cerned the evaluation of average strain rates for the
Estaillades limestone during injection of high PCO2
ﬂuid- this is discussed in detail further on.
3.2.1 Estaillades limestone
Average vertical uniaxial creep rates were calculated
during four successive periods of deformation: dry;
water-low PCO2-ﬂow; water-high PCO2-ﬂow; water-
high PCO2-no ﬂow. Figure 4 shows the strain history
for all four periods; during each period shown the ex-
perimental parameters remained constant. Average
strain rates are indicated directly in Figure 4.
During the initial phase of deformation under dry
conditions, no signiﬁcant strain was measured (Fig-
ure 4, magenta curve), and the average strain rate
was at the detection limit (≈ 10−12 s−1). After in-
jection of the low PCO2 ﬂuid started, the strain rate
immediately increased, resulting in an average strain
rate of ˙ = 1.9×10−11 s−1 (Figure 4, green curve and
Table 3). The strain and strain rate signiﬁcantly in-
creased with injection of the high PCO2 water, as
show in Figure 4 (blue and black curves). The av-
erage strain rate was ˙ = 3.3×10−10 s−1, which is
approximately one order of magnitude higher than
the low PCO2 average strain rate. A detailed exam-
ination of the deformation behavior for the period
344 to 370 days (Figure 4, blue curve) reveals a stair-
case pattern characterized by a series of steady-state
strain rates (ﬂat, plateau like periods) alternating
with abrupt increases in the strain rate. The strain
rate plateaus typically have ˙ values ranging from ≈
1.0 to 1.5 ×10−10 s−1, whereas the abrupt transient
events have strain rates on the order of ≈ 5×10−10
to 5×10−8 s−1.
Further on in time, but with no changes in ex-
perimental parameters, the interaction between the
injected high PCO2 water and the Estaillades sample
led to much greater strain and an order of magnitude
higher average strain rate, ˙ = 2.2×10−9 s−1 (Fig-
ure 4, black curve). During this time period the ‘stair-
case’ deformation behavior was even more extreme.
Plateau regions typically had strain rates ranging
from 0 to ≈ 1 × 10−10 s−1. Most of these plateau
rates were of the same magnitude as those earlier in
time at high PCO2 (Figure 4, blue curve), but an order
of magnitude greater than the average strain rate at
low PCO2 conditions (˙ = 1.9×10−11 s−1). One very
large transient strain event occurred at 450 to 454
days; the change in strain was ∆ = 3.5×10−3 and
the strain rate was ˙ = 1.1×10−8 s−1. This strain far
exceeded all other events, such that its contribution
to global strain was approximately 74%.
The exact reason for the alternation between
moderate steady-state rates of deformation and the
sudden transient strain events (Figure 4, blue and
black curves), is not known. However, it is likely that
these transient events are due to some kind of sud-
den internal collapse within the matrix of the core,
induced by the aggressive, high PCO2 water. It is in-
teresting to note that over the period 345 to 459 days,
139
several strain vs. time segments had a positive slope,
i.e, negative strain rate. This type of strain dilation
may be a response to the sudden transient collapse
events that preceded them.
The aforementioned ‘staircase’ deformation be-
havior was only noted at conditions of high PCO2 ﬂuid
injection, for the Estaillades limestone and the sand-
stone (discussed later), and possibly also the Lavoux
W526 limestone. These sudden, transient high strain
rate events occurred for periods ranging from several
hours to several days, and strain rates varied by sev-
eral orders of magnitude. These characteristics would
seem to indicate that these strain events were caused
by high dissolution rates producing some kind of me-
chanical collapse of the rock matrix, and not due to
stick-slip behavior of the Viton piston o-rings with
the internal triaxial cell wall (Figure 1).
The last period, starting at 475 days, was based
on deformation in the presence of high PCO2 wa-
ter, but with no ﬂow. The average strain rate was
3.0 × 10−11 s−1 (Figure 4, red curve), which repre-
sented a decrease by a factor of 10 compared to many
of the plateau strain rates measured during injection
of the high PCO2 water.
3.2.2 Lavoux limestone (W526)
The experiment started under dry conditions (Fig-
ure 5). An uniaxial creep rate close to 0 s−1 was ini-
tially measured during this period. Injection of high
PCO2 saline solution started on day 95 (Figure 5).
Injection was interrupted over two time periods: 113
to 128 and 140 to 173 days. The measured aver-
age strain rate for the period 120 to 175 days was
1.0 × 10−10 s−1 (note that this average ˙ included a
12-day ﬂow period, but this did not apparently have
an important eﬀect on the overall ˙, Figure 5 and
Table 3).
From day 173 to the end of the experiment, high
PCO2 saline solution was once again injected at the
same rate as earlier. Curiously, the rate of deforma-
tion did not immediately increase as expected. In-
stead, a sharp increase in strain rate occurred at 210
days, about 40 days after injection was restarted. The
average strain rate measured from 173 to 210 days
was 8.8×10−11 s−1, whereas at time greater 210 days
the strain rate increased to 4.5×10−10 s−1 (Figure 5
and Table 3). This Lavoux sample did not display
the deformation behavior evidenced for the Estail-
lades limestone, with the possible exception at the
very end of the experiment. Here, there was evi-
dence for long-term steady-state strain rate behavior
that was suddenly replaced by a sharp increase in the
deformation rate (˙ = 2.1×10−9 s−1), followed by a
plateau with 0 strain rate over the last three days of
experiment.
3.2.3 Lavoux limestone (W520)
Stabilization under stress and in the absence of ﬂuid
(strain at detection limit of sensors) was carried out
over the ﬁrst 42 days (Figure 6). This was followed
by the injection of low PCO2 saline solution, causing
an immediate deformation of the sample. The initial
strain rate was 1.5×10−9 s−1 over the time period of
49 to 54 days. The strain rate decreased steadily with
time, evolving to 5.6× 10−10 s−1 over the period 92-
1278 days. At 125 days, the injection was stopped,
but the strain rate remained nearly unchanged. The
strain plateau between days 168 and 180 is an arti-
fact due to the lack of data. After a time lag of 75
days, the deformation behavior showed an unmistak-
able and long-term decrease in the steady-state strain
rate (˙ = 8.1×10−11 s−1). Injection of the same saline
solution occurred at 228 days, this causing an imme-
diate increase in the average steady-state strain rate
(2.6×10−10 s−1, Figure 6 and Table 3).
3.2.4 Arkosic sandstone
Figure 7 shows the strain history of the arkose sand-
stone sample. Measured strains at dry conditions
were close to the resolution of the displacement sen-
sors. The sample remained in a stressed state with
no ﬂuid until day 59, at which point injection of the
high PCO2 saline solution started; injection continued
until day 133. During this period no signiﬁcant com-
paction was measured, except rapid strain related to
the initial injection over the ﬁrst few days. Over the
period 133-222 days, solution injection was stopped.
Two sudden transient strain events occurred at days
161 and 162 (average ˙ = 2.7× 10−8 s−1), with over-
all behavior very similar to that measured for the Es-
taillades limestone. Moreover, the magnitude of two
strains was equivalent to the smallest strain events for
the Estaillades limestone. During the no-ﬂow period
the strain rate was below 10−12 s−1, excluding the
two transient strain events just discussed. In order to
simulate an uplift/burial event, the vertical and con-
ﬁning stresses were decreased by 2.1 and 1.1 MPa,
respectively, on day 187, and then subsequently in-
creased by 2.1 and 2.5 MPa on day 215. Core elastic
dilation and compaction were measured as a conse-
quence for the two stress changes. After day 222, an
injection period using the same ﬂuid and lasting for
33 days was started. During the ﬁrst 12 days ﬂuids
were injected at a rate 10 times greater than the ini-
tial ﬂow rate, and for the remaining period the ﬂow
rate was twice the initial rate. During these periods,
the strain rate was constant but not measurable. The
higher compaction rate at the end of the experiment
was due to a decrease in the conﬁning stress.
3.3 Eﬀect of PCO2 on ﬂuid chemistry
The pH of the high PCO2 solutions was signiﬁcantly
lower than the low PCO2 solutions (3.1 vs. 5.7), and
this of course had a major inﬂuence on the interac-
tions of the solutions with the samples, and particular
with respect to the limestones. Considering only the
eﬀect of pH decrease on calcite dissolution kinetics,
Busenberg et Plummer (1986) showed that the rate
of dissolution increases by almost 1.5 orders of mag-
nitude when pH is decreased to 3.1. Calcite solubility
is also 80 times greater at PCO2 = 8.0 MPa than at
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atmospheric PCO2 (calculations made with CHESS
(van der Lee, 1993)). In the present study, the chem-
ical composition of the ﬂuids measured at the triax-
ial cell outlet changed signiﬁcantly as a function of
PCO2 . Results of the chemical analyses are presented
in Figure 8.
3.3.1 Estaillades limestone
Figure 8a shows the smooth evolution of the concen-
trations of several species in the presence low PCO2
water at 25 ◦C over the time period 180-220 days.
Injection of high PCO2 had the eﬀect of increasing
the concentrations of most elements (except Si). The
overall increase in elemental concentrations is due to
both a decrease in pH and an increase in temperature;
both of these factors increase the dissolution kinet-
ics of all the mineral phases constituting the sample.
Calcium and magnesium concentrations increased by
1.5 to 2 orders of magnitude, respectively. The higher
variability in the chemical composition trends is due
to irregular ﬂow at 80 ◦C.
3.3.2 Lavoux limestone (W520)
Figure 8b shows that the concentrations underwent
smooth monotonic decrease before becoming rela-
tively constant after about 60 days of sampling. Fol-
lowing the 90-day period of no ﬂow, the re-initiation
of injection expulsed the stationary pore ﬂuids, re-
sulting in pronounced concentration spikes of all el-
ements, except Na which displayed conservative be-
havior (present in input solution). The concentra-
tions of Ca and Mg evolved to ﬁnal, stable concen-
trations that were slightly lower than those just prior
to when injection was stopped.
3.3.3 Lavoux limestone (W526)
Compared to the injection of the low PCO2 ﬂuid
through the W520 Lavoux limestone, the injection
of the higher PCO2 saline solution into the Lavoux
W526 core, at same temperature, induced increases
(up to 1 order of magnitude) in the concentrations of
all elements (Figure 8c). Overall, the concentrations
showed relatively smooth, monotonic decreases with
time.
3.3.4 Arkosic sandstone
During the ﬁrst period of high PCO2 saline ﬂuid in-
jection, the injection rate was the same as during
the other experiments (0.005 ml.min−1). All concen-
trations (except Mg) decreased monotonically with
time (Figure 8d) up until the injection was stopped.
Re-initiation of injection resulted in the expulsion of
stagnant ﬂuid in the core, resulting in highly elevated,
but transient, concentrations. The second injection
period was characterized by two ﬂow rate regimes,
the ﬁrst 10x higher and the second 2x higher than
the initial injection rate. In general, the steady-state
concentrations decreased as a function of the ﬂow rate
increase (1x → 10x), and then increased in a step-
like manner with the subsequent decrease in injection
rate (10x → 2x). During the initial ﬂow period and
then the 10x ﬂow period, the absolute Ca concentra-
tions may be artiﬁcially too low, due to a ﬁltration
step before acidiﬁcation, which may explain the diver-
gence of the Ca and Mg concentrations. The overall
higher concentrations of Ca and Mg vs. Si reﬂects the
greater reactivity of the dolomite and calcite cement
compared to the quartz grains.
3.4 Porosity variations based on X-ray
tomography and chemistry
3.4.1 Estaillades limestone
After slightly more than 600 days of deformation in
the presence of both low and high PCO2 water, there
is indirect evidence that the inlet and outlet regions
of the core became more porous, by up to a few
percent. Unfortunately, no X-ray computerized to-
mography (CT) images were taken of the core be-
fore deformation (Figure 9). However, 2 undeformed
cores of Estaillades limestone were analysed. Taken
together, the results show the extreme heterogene-
ity in the undeformed state. Nonetheless, the de-
formed sample displays higher porosity both at the
inlet and outlet regions compared to all of the unde-
formed samples (Figure 9a). Figure 9b & c show CT
images of two diﬀerent samples, the ﬁrst undeformed,
the second deformed (note that former and the lat-
ter cores are not the same). The CT image of the
core in Figure 9b (whose porosity proﬁle EstG-02 is
shown in Figure 9a) was chosen for comparison based
on its global porosity being very similar to the cen-
tral porosity of the deformed core shown in Figure 9a.
Both CT images represent the X-ray density at an at-
tenuation of 1600. As was the case for the porosity
proﬁles (Figure 9a), a direct quantitative comparison
is not possible between the CT images in Figures 9b
& c. However, Figure 9c does show increased porosity
in the inlet and outlet regions, which is compatible
with porosity proﬁles after deformation in Figure 9a.
Over the ﬁrst third of the core sample the porosity
increase is not uniformly distributed, but rather lo-
calized along preferential paths. These paths appear
to be larger close to the inlet and get thinner down-
stream along the core axis. Three radial CT density
slices are also presented in Figure 9c. The dark areas
are low density, porous regions that represent pref-
erential dissolution and ﬂuid ﬂow paths. Their posi-
tions within the core are shown directly in Figure 9c.
Using mass relationships and the total amount
of Ca and Mg measured in the aqueous samples,
the total volume of material (calcite and dolomite)
dissolved and transported out of the core was
≈ 469 mm3, which corresponds to a 1.9% overall in-
crease in porosity. This is compatible with the poros-
ity increases in the proﬁle shown in Figure 9a.
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3.4.2 Lavoux limestones
Figures 9d & e show CT images (attenuation 1965)
before and after deformation. Even though the W520
sample suﬀered shear failure at the end at the exper-
iment, it is still possible to ascertain an increase in
porosity due to dissolution and deformation in the
presence of the low pCO2 ﬂuid. Porosity increase was
favored along the core axis, and extended almost uni-
formly from inlet to outlet. This can be interpreted
to indicate dissolution and material transport were
more important along the central zone.
Based on aqueous Ca and Mg (Si had a negligible
contribution), the total volume of material (calcite
and dolomite) lost was 33.2 mm3, corresponding to
a porosity increase of 0.2%. The W526 sample, sub-
ject to high PCO2 ﬂuid percolation, lost signiﬁcantly
more material, 204.4 mm3, which is equivalent to a
1.1% increase in porosity. The order of magnitude
diﬀerence is due to the higher rate of dissolution and
elevated solubility of the carbonates in the presence
of the high PCO2 ﬂuid.
3.4.3 Sandstone
Although the same sandstone core was imaged by X-
ray tomography before and after deformation, the CT
density levels for this sandstone were not calibrated,
and thus it was not possible to quantify the poros-
ity diﬀerences due to deformation that are shown in
Figure 9f. The initial porosity value (≈ 15.8%) was
determined by an independent method. Nonetheless,
the CT scans before (Figure 9g) and after deforma-
tion (Figure 9h) show that deformation resulted in a
real, but not quantiﬁable, increase in overall porosity.
The greatest increase was concentrated in the inlet re-
gion, and decreased toward the center. Whether the
modest diﬀerence in porosity from the center from
the outlet is real or not is diﬃcult to evaluate (Fig-
ures 9f, g & h). The radial CT slices show that dis-
tinct channelization did not occur because dissolu-
tion was spatially more homogeneous (dissolution of
uniformly distributed cement, Figure 9h). This is in
contrast to the channelization that occurred in the
Estaillades limestone, as shown by the strong poros-
ity contrasts within the CT slices in Figure 9c.
Based on the total amount of dolomite and calcite
removed (present as cement), the volume of material
dissolved and removed was estimated to be 358 mm3,
corresponding to a global increase in porosity of 1.7%.
If only the Si removed from the quartz grains is con-
sidered (27 mm3), then the porosity increase in sig-
niﬁcantly less, 0.1%.
4 Discussion
4.1 Instantaneous strain induced by
initial ﬂuid injection
As shown in Figure 3, the initial ﬂuid injection of ﬂu-
ids triggered rapid strain events in all core samples.
The eﬀect of ﬂuid composition, applied stress, initial
rock composition, and porosity on the amplitude of
the strain are discussed next.
4.1.1 Fluid composition
All of the experiments started with the cores un-
der stress in a dry state. During dry deformation,
strains remained constant for several weeks and strain
rates were below the detection limit. Immediately
upon injection of ﬂuids, the cores started to com-
pact. Considering the two Lavoux limestone sam-
ples, for which all the experimental parameters, ex-
cept the ﬂuid PCO2 , were the same, the overall strain
magnitudes were almost identical. Thus, the solution
PCO2 , and by inference solution pH, were not strain-
determining parameters. This shows that any solu-
tion that is a good solvent suﬃces to initiate rapid
deformation. This point is reinforced by results re-
ported in Spiers et Brezesowsky (1993) and Zhang et
Spiers (2005) that show the chemical nature of the
solution eﬀects initial deformation behavior. These
two aforementioned studies showed that non-polar
solutions do not trigger rapid deformation, whereas
polar solutions do. Similar results, but not strictly
applied to the initial injection of ﬂuids, where de-
termined by Hellmann et al. (2002a); therein it was
shown that non-polar solutions dramatically decrease
or even stop on-going deformation. The eﬀect of the
chemical nature of ﬂuids is extensively reviewed in
Hellmann et al. (2002a).
4.1.2 Applied stress
Comparing the 3 limestones, the 2 Lavoux cores de-
formed approximately 30 times greater than the Es-
taillades sample (Figure 3). This greater strain is best
explained by the fact that the eﬀective stresses in the
Lavoux experiment were 5.3 and 5.5 MPa, compared
to 1.9 MPa for the Estaillades limestone. The small
diﬀerence in temperature (25 ◦C Estaillades, 40 ◦C
Lavoux) probably did not play a major role in deter-
mining the strain diﬀerences. This is based on the
deformation behavior of chalk at 25, 60 and 80 ◦C
reported in Hellmann et al. (2002a).
The eﬀect of stress was also observed by de Meer
et Spiers (1995, 1997) on gypsum aggregates, by Dew-
ers et Hajash (1995) on sandstone aggregates, and by
Zhang et Spiers (2005) on calcite powders: increasing
applied stress correlated with increased instantaneous
strains when solutions were injected.
4.1.3 Mineral composition
The initial deformation of the sandstone and the two
Lavoux limestones can be compared (Figure 3). Even
though the eﬀective stress applied to the sandstone
was 3.8 MPa, and the eﬀective stresses applied to the
Lavoux limestones were 5.3 and 5.5 MPa, the ﬁnal
strain of the sandstone was almost 40 times less than
that of the Lavoux limestones. This signiﬁcant dif-
ference can be explained by the intrinsically higher
reactivity of calcite, with its higher dissolution rate
and solubility, compared to quartz.
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Previous studies on aggregates of diﬀerent mineral
composition (e.g., Spiers et Schutjens (1990); de Meer
et Spiers (1995); den Brok et al. (1999); Zhang et
Spiers (2005)) showed that for a given stress, tem-
perature, ﬂuid composition, and grain size, greater
instantaneous strains were measured with mineral ag-
gregates that dissolve faster and have a higher solu-
bility.
4.1.4 Initial porosity
Deﬁning the role of porosity and internal structure in
the present study was not possible because these pa-
rameters could not be varied independently with re-
spect to mineralogy and other rate-determining para-
meters. Nonetheless, one would expect high porosity
rock matrices to have higher solution transmissivity,
thereby facilitating deformation.
4.2 Long term strain behavior
In the present study, after a period of instantaneous
strain due to the initial injection of ﬂuids, all sam-
ple displayed a global deformation behavior char-
acterized by continuous deformation that was con-
trolled by various experimental parameters. In the
discussion that follows, the various deformation rate-
inﬂuencing parameters are discussed.
4.2.1 Eﬀective stress
As was the case for the amplitude of the initial
strain, the eﬀective stress was one of the primary
rate-determining parameters for deformation. The
diagram in Figure 10a shows 3 sets of data: a. ﬂow
regime with low pCO2 ﬂuids: Estaillades (t = 198-
221 d, 25 ◦C) and Lavoux W520 (t = 231-282 d,
40 ◦C) b. ﬂow regime with high pCO2 ﬂuids: Estail-
lades (t = 366-370 d, 80 ◦C) and Lavoux W526 (t =
209-258 d, 40 ◦C) c. no-ﬂow regime with high pCO2
ﬂuids: Estaillades (t = 475-495 d, 80 ◦C) and Lavoux
W526 (t = 120-175 d, 40 ◦C). The strain-time data
used to determine strain rates represent the most sta-
ble and slowly evolving part of each relevant data set.
It should be noted that the strain rate vs. eﬀective
stress relations in Figure 10a should be interpreted
with same caution because some parameters (tem-
perature, saline vs. water ﬂuid composition, strain)
were not the same in the Estaillades and Lavoux ex-
periments. However, as shown further on, this did not
have an important eﬀect on the strain rate-eﬀective
stress relation.
The strain rate-eﬀective stress relations in Fig-
ure 10a (log-log space) revealed that 2 of the data
sets have slopes of 1.0 and 0.8 (high pCO2) and the
third set yielded a slope of 2.6 (low pCO2). Slopes in
the range of 1 to 2 typify most of ﬂuid-assisted de-
formation experiments at moderate eﬀective stresses
(see literature review in Hellmann et al. (2002a)). As
we show below, the slopes determined in this study
are in general accord with similar studies in the lit-
erature.
The log ˙-log σ1 relation determined for chalk in
Hellmann et al. (2002a) was characterized by slopes
ranging from 1 to 2. Salt aggregates yielded a slope
of 0.8 to 1.8 for σe < 2.1 MPa, but higher values of 2
to 4 were obtained at σe > 4 MPa (Spiers et Schut-
jens, 1990). In a study by Hellmann et al. (1998)
on synthetic halite aggregates in the presence of ﬂu-
ids, a linear relation was found between axial strain
rate and applied diﬀerential stress, and in a log-log
space, yielded slope of ≈1. Deformation of wet gyp-
sum aggregates yield a slopes of 1.5-3.5 (de Meer et
Spiers, 1995, 1997). Experiments on quartz sand at
200 ◦C yielded slopes of 0.2-2.65 (Dewers et Hajash,
1995). Based on review of existing literature, it ap-
pears that a linear relation holds between strain rate
and eﬀective stress at low eﬀective stresses (indicative
of Newtonian rheology), but this changes to a power
law or exponential relation beyond a certain critical
eﬀective stress, depending on mineralogy, tempera-
ture, etc. (Hellmann et al., 2002a).
4.2.2 Mineralogy
The relation between mineral composition and defor-
mation rates is often expressed in terms of mineral
solubility in the pore space at the particular T and
P conditions of deformation. Thus, most constitu-
tive relations are base on ˙ ∝ Ceq, where Ceq is the
equilibrium concentration of a given element derived
from a particular mineral present in the rock matrix.
With one exception, strain rates measured for the
limestone cores were always greater than the strain
rates for the sandstone (Figure 10b). This diagram
shows 2 sets of data that diﬀerentiate strain rates
measured in ﬂow vs. no-ﬂow regimes as a function of
mineral solubility, expressed in terms of [Ca] for the
limestones and [Si] for the sandstone. The mineral
solubilities were based on temperature, pH (function
of pCO2), and ﬂuid composition (saline vs. water)
at the inlet of triaxial cell, calculated with the code
CHESS (van der Lee, 1993). That choice of pH (3.2
at high pCO2 and 5.7 at low pCO2) at the inlet was
simply chosen as a method of comparison for the sol-
ubilities. The ﬂow data is comprised of strain rates
measured for the sandstone at high pCO2 , the Lavoux
W520 at low pCO2 , the Lavoux W526 at high pCO2 ,
and Estaillades at low and high pCO2 . The no-ﬂow
data are comprised of the same samples and PCO2
levels, except for the Estaillades at low pCO2 , where
no data were measured at no-ﬂow conditions. In Fig-
ure 10b the 2 lowest solubility data correspond to
sandstone deformation at high PCO2 , and the 3 inter-
mediate solubility data correspond to the deforma-
tion of the limestones at low PCO2 , and the 4 highest
solubility data correspond to deformation of the lime-
stones at high pCO2 .
Figure 10b shows the positive correlation between
(log) strain rate and (log) mineral solubility. The
slopes for the ﬂow regime and the no-ﬂow regime are
0.3 and 0.4, respectively. The dispersion of the data
in the no-ﬂow regime for the limestones is quite high,
due in particular to a very low strain rate measured
143
for the Estaillades limestone at low pCO2 . The paired
data points (as function of pCO2) for all samples show
that strain rates measured at ﬂow conditions always
exceed those measured at no-ﬂow conditions.
The purpose of Figure 10b is to simply show the
positive relationship between strain rates and min-
eral solubility. However, it should be noted that
the real values of the slopes should be steeper due
to the fact that the Estaillades data represent strain
rates at lower eﬀective stress compared to the Lavoux
limestones. In addition, care should be taken when
comparing strain rate data based on slightly diﬀerent
temperatures, salinity and strains.
The relation between the strain and strain rate as
a function of mineral solubility has been previously
treated in many experimental studies. Two particu-
lar studies are discussed here. A study by de Meer et
Spiers (1999), using the same grain sizes and similar
applied stress, determined that the strains and the
steady-state strain rates for NaCl are much higher
than those for gypsum. Their study conﬁrms that the
deformation correlates positively with mineral solu-
bility (Ceqhalite > C
eq
gypsum). A study by Rutter (1976)
explored the relation of deformation vs. time for 3
salts of diﬀerent solubility. Therein it was determined
that the solubility sequence of the salts determined
the rates of deformation.
4.2.3 Internal structure
The aqueous chemistry results point to the impor-
tance of the internal lithological structure and how
it aﬀects deformation behavior. As an example, the
total volume of calcite and dolomite dissolved and
removed from the sandstone core (358 mm3) was ap-
proximately equivalent to that of the Estaillades core
(469 mm3), and yet the total strain of the sand-
stone was an order of magnitude less than that of
the Estaillades sample. In both cases deformation
occurred in the presence of high pCO2 ﬂuids, and in
addition, the eﬀective stress imposed on the sand-
stone (σe = 3.8 MPa) was twice that imposed on the
Estaillades (σe = 1.9 MPa). This seemingly contra-
dictory data can be explained by the fact that the
sandstone is composed of quartz grains that are ce-
mented by dolomite and calcite, and that the cement
was preferentially removed by dissolution, as shown
by [Mg, Ca] >> [Si], Figure 8. The volume of dis-
solved quartz only represented a porosity increase of
0.1%. Apparently dissolution left behind a quartz
grain skeleton that, despite having lost some cement,
remained strong enough to resist deformation. In
contrast, as calcite grains supported the stress in the
limestone core samples, the dissolution of grains had
a much greater eﬀect on the magnitude of the strain
and strain rate.
This observation from the present study is consis-
tent with batch experiments on an arkosic sandstone
in the presence of brine under ≈ 4.8 MPa pCO2 pres-
sure at 40 ◦C (Krumhansl et al., 2003). These authors
concluded that the initial impact of CO2 injection was
the dissolution of the carbonate cement, and can be
explained by the large diﬀerence in dissolution rates
between calcite and quartz: kqtz << kcalc.. The eﬀect
of a resistant granular skeleton has also been observed
by Zoubstov et al. (2004) who performed experiments
on halite/calcite aggregates. They demonstrated a
strong eﬀect of the relative proportion of these two
minerals on the strain rate. Strain rates increased
with increasing halite amount, up to a limiting per-
centage. Zoubstov and co-workers interpreted this
result in terms of a continuous network of interlock-
ing grains that resisted deformation.
4.2.4 Fluid ﬂow rate
Fluid ﬂow rate had a direct inﬂuence on deforma-
tion rate. This was especially noticeable for the Es-
taillades and Lavoux limestones (see Figures 4, 5, 6
and Table 3). A typical example of the decrease in
the rate of deformation when the injection of ﬂuid
was stopped can be found in the strain-time curve
for Lavoux W520 in Figure 6. Here the strain rate
decreased by a factor of ≈ 6, but this change in rate
was not instantaneous, but rather occured after a sig-
niﬁcant time lag of about 70 days. Such time-lags
were not universally observed, as was the case for the
deformation behavior of the Lavoux W526 sample in
Figure 5. In general, the time lag may be a function of
the PCO2 (pH) of the ﬂuid, where longer time delays
are associated with low PCO2 ﬂuids. Re-injection of
low PCO2 ﬂuid into the Lavoux W520 sample caused
the strain rate to increase, but in this case, the change
was nearly instantaneous (Figure 6). An extreme ex-
ample of how ﬂow rate can change deformation be-
havior is oﬀered by the Estaillades limestone experi-
ment. The sudden transient strain events that char-
acterize this sample (Figure 4, t = 344-370 d) only
occurred during ﬂow, and in particular, in the pres-
ence of high PCO2 ﬂuids. The no-ﬂow regime was
characterized by a much lower strain rate with a per-
fectly smooth evolution in time. The overall inﬂuence
of ﬂow rate on strain rates for all of the samples in the
present study is shown in Figure 10b. In this diagram
each individual strain rate measured at ﬂow condi-
tions always exceeded the corresponding strain rate
at no-ﬂow conditions (i.e., with respect to vertically-
paired data points, Figure 10b).
The mechanism that explains how ﬂow rate inﬂu-
ences ﬂuid-assisted deformation is based on the Gibbs
free energy of reaction, ∆G. ∆G is simply the ‘ther-
modynamic distance’ to equilibrium for a given reac-
tion. The ∆G of a given mineral can also be thought
of in terms of ﬂuid saturation state. ∆G varies theo-
retically from -∞ (high ﬂuid undersaturation-inﬁnite
dilution) to 0 (ﬂuid saturation and chemical equilib-
rium), to values greater than 0 for ﬂuids that are
chemically oversaturated. ∆G has a direct inﬂu-
ence on the kinetics of dissolution for any mineral;
as ∆G increases, dissolution rates decrease, and go
to 0 when ∆G = 0. For an up-to-date review of ∆G
and its inﬂuence on dissolution kinetics, see Hellmann
et Tisserand (2006). In general, the diﬀerence be-
tween a ﬂow and no-ﬂow regime can be summarized
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by: ∆Gflow < ∆Gno−flow (with all other parameters
being equal). In a ﬂow regime, the continuous arrival
of fresh inlet ﬂuid insures that the chemistry of the
ﬂuids at the outlet stabilizes to a constant level of sat-
uration and ∆G. In a no-ﬂow regime, the ﬂuid slowly
equilibrates with the rock, saturation of the pore ﬂu-
ids and ∆G increase, and, in the limit, reach satura-
tion and chemical equilibrium. Given that ∆Gflow <
∆Gno−flow, then for a particular mineral reaction,
e.g., calcite dissolution, the dissolution rate will be
faster in the ﬂow regime situation. If in turn the dis-
solved material is then removed by diﬀusion or con-
vection, then the overall rock matrix will deform at
a faster rate. The coupling between ∆G, ﬂow rate,
and strain rate was observed for the limestones and
the sandstone in the present study, and is apparent
in Figure 10b.
Values for ∆G for major mineral phases are given
in Table 4. ∆G values at ﬂow conditions were based
on the steady-state ﬂuid concentrations that corre-
sponded in time to the relevant strain rate measure-
ments. At no-ﬂow conditions, ∆G values were cal-
culated based on the concentration spikes recorded
by the ﬁrst sample collected after resumption of ﬂuid
injection.
In Figure 10c, the inverse relation between strain
rates and ∆Gcalcite for the limestone and ∆Gquartz
for the sandstone experiments shows how increasing
solution saturation (i.e., increasing ∆G) is coupled to
decreasing strain rates. This diagram was based on
ﬂow/no-ﬂow strain rate data pairs for each sample
at low and high PCO2 . The strain rates shown are
the same as those used in Figure 10a & b. Note the
similarity in the slopes, independent of mineralogy.
It is also interesting to observe that the low PCO2
Lavoux data have much higher ∆G values than the
high PCO2 limestone and sandstone data. This is due
to the fact that the high PCO2 ﬂuids increase calcite
and quartz solubility, thereby increasing ﬂuid under-
saturation and the time necessary to reach chemical
equilibrium.
The results in the present study on ﬂuid ﬂow are
in agreement with experiments of He et al. (2003) on
quartz aggregates at 34.5 MPa eﬀective pressure and
150 ◦C, in diﬀerent ﬂuid ﬂow conditions. Fluid ﬂow
was found to increase strain rates by a factor 2 to
7, compared to strain rates in closed systems (zero
ﬂow rate). At similar conditions and with the same
samples, Chester et al. (2005) measured strain rates
about two times higher than at no-ﬂow conditions.
On gypsum aggregates, de Meer et Spiers (1997) mea-
sured 10 to 30-fold faster compaction rates in open-
system compared to closed-system conditions.
In an analogue to ﬂow rate, ﬂuid composition can
change the solubility of a mineral and hence the ∆G
of a dissolution reaction, both of which inﬂuence the
deformation rate. As an example, in the chalk defor-
mation experiments by Hellmann et al. (2002a), when
water injection was replaced by saline solution, the
strain rate immediately increased due to an increase
in calcite solubility and dissolution kinetics, that re-
sulted in a decrease in ∆G for the calcite dissolution
reaction. In the same study, injection of the saline
solution was supplanted by injection of propanol, a
non-polar solvent. This caused the strain rate to de-
crease below the limit of detection. This is again,
explainable in terms of a sharp decrease in calcite
solubility and dissolution kinetics, and reﬂected by
an important increase in ∆G.
4.2.5 Fluid pCO2
Long-term deformation rates of the Estaillades and
Lavoux limestone were signiﬁcantly increased when
high PCO2 ﬂuids where injected. The precise eﬀect of
high pCO2 on the rate of sandstone deformation could
not be evaluated, given that a low pCO2 ﬂuid was not
injected. The eﬀect of high pCO2 is predominantly
related to the pH: low pCO2 water and saline solution
have a pH of 5.6-5.7, the pH decreases to 3.1-3.2 at
high pCO2 . The decrease in pH directly increases the
rate of dissolution (Busenberg et Plummer, 1986), as
well as the solubility of calcite (CHESS, (van der Lee,
1993)).
The diﬀerences in strain rates of the Estaillades
limestone in the presence of low pCO2 and high pCO2
water (ﬂow regime) varied from 1 to 2 orders of mag-
nitude (as already detailed in section 3.2.1, see also
Figure 4 and Table 3). This comparison includes the
eﬀect of the sudden transient strain events (Figure 4,
black curve). It is not certain yet what caused these
transient events, but it appears that there is a strong
link to the presence of the high pCO2 ﬂuid. The
Lavoux limestone also deformed signiﬁcantly faster
in the presence of the high pCO2 saline solution (see
ﬁgure 5, 6 and Table 3), but the diﬀerence (less than
an order of magnitude) was markedly less than for the
Estaillades limestone. This may be a consequence of
its internal lithological structure and grain size dis-
tribution.
As can be seen in Figure 8, pCO2 levels greatly
inﬂuenced the amount of material dissolved and re-
moved from the limestone, in particular with respect
to Ca and Mg. Figure 10d shows the positive correla-
tion between the strain rates and calcium concentra-
tion for 3 data sets: Estaillades (low and high PCO2 ,
ﬂow); Lavoux (low and high pCO2 , ﬂow); Lavoux (low
and high pCO2 , no ﬂow). The strain rates shown are
the same as those used in Figure 10a, b & c; [Ca]
were based on the steady-state ﬂuid concentrations
that corresponded in time to the relevant strain rate
measurements. At no-ﬂow conditions, [Ca] were cal-
culated based on the concentration spikes recorded
by the ﬁrst sample collected after resumption of ﬂuid
injection (as in Figure 10c).
It is interesting to note that elements such as
Si, derived primarily from quartz dissolution, do not
show an important dependence on pCO2 . This follows
as a consequence of the dissolution kinetics (Brady
et Walther, 1990) and solubility of quartz that have
only a weak dependence on pH in the circum-neutral
to pH 3 range. As already discussed in terms of
internal lithological structure in section 4.2.3, rates
of deformation and ﬂuid chemistry do not have al-
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ways a positive correlation, as was evidenced by the
deformation-chemistry data of the sandstone sample.
The results in the present study are in accord with
many relevant experimental studies in the literature.
While these studies did not treat the speciﬁc eﬀect of
PCO2 on deformation rates, they do show that rocks
and rock aggregates deformed faster the higher the
solubility of the mineral. However, one theoretical
study in particular examined the relation between
ﬂuid PCO2 , pH, and carbonate deformation rates Re-
nard et al. (2005). Therein it was shown that at high
PCO2 (up to 30 MPa) rates of carbonates compaction
can be increased by a factor 50 to 75 times. This in-
creased compaction also results in a decrease in rock
matrix viscosity.
4.3 Porosity variation - X-ray tomog-
raphy
Figures 9a-h show that porosity evolved during de-
formation for all samples, resulting in a generalized
increase in porosity, to a maximum of 1-2% in the
inlet region. Depending on the sample the elevated
porosity zones had a conical geometry, starting from
the inlet region and extending downstream along the
axis to the central portion of the cores. In one case
there was evidence of a porosity increase at the out-
let region (Estaillades, Figures 9a-c). The creation
of porosity at the inlet is an expected result, given
that the injected solutions were completely undersat-
urated at the inlet (very low ∆G), and therefore the
dissolution rates were highest. As the ﬂuids perco-
lated through the samples, the concentrations of dis-
solved material increased, leading to an increase in
∆G and a concomitant decrease in dissolution rates
along the length of the cores. The pH of the ﬂuids
increased as a function of percolation length, as well.
The reason for the increase in porosity at the outlet
(Estaillades) is counterintuitive and its exact cause is
not known.
Comparisons with a study of chalk deformation
and porosity development by Hellmann et al. (2002b)
can be made. That study was based on detailed
porosity measurements before and after deformation,
in conjunction with X-ray CT images. Although
global porosity decreased from inlet to outlet, the
porosity evolution of the chalk was spatially very
heterogeneous. This was also revealed by CT scans
that showed wormholes and other similar dissolution-
porosity features that were evidence for preferen-
tial ﬂuid ﬂow. A recent study by Guichet et al.
(2005), also based on similar Lavoux limestone sam-
ples, showed that porosity increases were greater close
to the ﬂuid inlet and along preferential paths within
the cores. However, it appears that the paths of
greater porosity were thinner and penetrated further
into the core sample.
In systems where the transport of dissolved mat-
ter and the dissolution of the mineral are strongly
coupled, heterogeneous dissolution patterns evolve
based on reaction rates and ﬂow rates. Dissolution
patterns such as wormholes represent a channeliza-
tion of ﬂuids and elevated dissolution kinetics that
lead to increases in porosity. Golﬁer et al. (2001)
showed that the propagation rate and the speciﬁc
patterns of the wormholes depend on ﬂuid ﬂow rate
and chemical reaction kinetics. The theoretical evo-
lution of porosity in porous media has also been ex-
tensively studied, see e.g., Adler et al. (1990, 1992);
Adler (1994); Be´kri et al. (1995, 1997).
The signiﬁcance of the high porosity zones with
respect to deformation can be qualitatively esti-
mated. If enhanced dissolution was responsible for
creation of elevated porosity regions (localized at in-
let and extending to the central part of each core),
than those areas should have been zones where most
of the strain was localized. In addition, the rate of
deformation was probably strongly inﬂuenced by the
time evolution of these high porosity zones. It is rea-
sonable to postulate that the sudden transient strain
events, that especially characterize the high PCO2 de-
formation of the Estaillades sample (Figure 4), pref-
erentially occurred in the elevated porosity zones due
to a general fragilization of the rock matrix by rapid
dissolution reactions at low pH (pH ≥ 3.1-3.2). More-
over, given that ﬂuid saturation increased along the
core axes, it is likely that any precipitation of sec-
ondary phases within the pore spaces should have oc-
curred within the outlet regions. Precipitation within
pore spaces would have the opposite eﬀect, a consoli-
dation of the rock matrix making it more resistant to
deformation.
4.4 Deformation mechanisms
4.4.1 Grain-grain interactions
Considered here are grain crushing and grain sliding
processes. The former mechanism is a possibility dur-
ing the stress loading of the sample (especially when
the piston is seated on the core), and may account for
an important part of the recorded dry deformation.
However, once steady-state, stable dry deformation
was attained (i.e. ˙ ≈ 0), the eﬀective stresses were
too low to have occurred on a large scale throughout
the sample. Small scale cataclasis, as a part of pres-
sure solution mechanism, may have been operative,
and is discussed further on. Grain-grain sliding as-
sisted by ﬂuid lubriﬁcation can also be considered as
an operative mechanism during the initial injection
of ﬂuids. However, previous experiments de Meer et
Spiers (1999); Zhang et Spiers (2005) showed that no
initial deformation was caused by injection of chem-
ically unreactive ﬂuids. The eﬀect of such ﬂuids was
not tested in the present study. Moreover, since our
cores were consolidated rocks, it is rather unlikely
that grain-grain sliding was an important mechanism.
4.4.2 Elastic and plastic strain
To evaluate the importance of elastic strain with re-
spect to the total strains measured in the present
study, we used Luo and Weng’s homogenization
method (Luo et Weng, 1987). This method was used
to determine whether the displacement measured on
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the Estaillades core sample could be explained by a
modiﬁcation of its elastic properties (bulk modulus)
due to an increase in porosity. The Estaillades lime-
stone can be considered to be a two phase rock: a
solid phase (69.4%, almost pure calcite) and a ﬂuid
phase (pore spaces ﬁlled with water). The Luo and
Weng method permits one to determine the eﬀective
Young’s modulus and eﬀective Poisson’s ratio know-
ing the mechanical properties of the two phases and
their volume distribution. At the end of the experi-
ment, given by the chemical results, the overall poros-
ity increased by about 1.9%, this corresponding to a
maximum decrease in the bulk modulus of 10% (with
an initial value of K0 = 3.3 GPa). The elastic vertical
strain related to a variation of bulk modulus is equal
to:
∆a =
1
1 + 2µ
σmean(K0final −K0initial)
K0finalK0initial
(4)
where a is the axial strain, σmean is the mean stress
applied to the sample, deﬁned as (σ1 + σ2 + σ3)/3,
and K0 is the bulk modulus. Hence, with constant
vertical and horizontal stresses equal to 10 MPa and
8.5 MPa, respectively, the theoretical vertical axial
strain is approximately 1.7×10−4. The strain induced
by a change in the elastic properties of the rock has
been calculated to be one order of magnitude lower
than the strain measured experimentally. Thus, while
the elastic strain cannot be completely neglected, it
is nonetheless not a major deformation mechanism in
the present study.
Plastic ﬂow is caused by the motion of defects:
point defects, dislocations, grain boundaries. For per-
fectly plastic solids, plastic strain occurs when the ap-
plied stress exceeds the plastic limit. At conditions
in the upper crust (< 5 km) the eﬀective stresses and
temperatures are far too low for plastic deformation
to occur (Poirier, 1995), and thus this mechanism can
be discounted with respect to the present study. How-
ever, there is a possible role for plastic deformation
occurring on a micro-scale at individual grain-grain
boundaries, according to one of the PSC mechanisms
discussed further on.
4.4.3 Subcritical crack growth
Another possible mechanism that may have been im-
portant during our experiments is subcritical crack
growth, induced by a stress-corrosion process. Sub-
critical cracks growth explains why rocks, subject to a
constant stress (inferior to failure strength), undergo
a permanent, time-dependent deformation, especially
in the presence of aqueous ﬂuids Lockner (1993). The
presence of water in crack tips can enhance crack nu-
cleation or growth by a dissolution process (in car-
bonate rocks) or by a weakening of Si-O bonds in
quartz rocks (Michalske et Freiman, 1982). Both
processes lead to the growth of cracks initially present
in the rock, inducing global compaction of the core
samples.
In quartz aggregate experiments by Chester et al.
(2005), subcritical crack growth was observed at grain
contacts after ﬂuid assisted deformation. However,
their experiments were conducted at much greater
eﬀective stress, 34.5 MPa, compared to 5.5 MPa for
the Lavoux samples in the present study. In stud-
ies by Spiers et Brezesowsky (1993) and de Meer et
Spiers (1997), where the deformation conditions more
closely resembled those in the present study, there
was no microstructural evidence for crack growth in
grains deformed in the presence of ﬂuids.
4.4.4 Pressure solution creep
As no deformation was measured at dry conditions
after loading, the large strains measured after the
initial injection of ﬂuids, and the continuous strain
evolution during the course of each experiment, point
to ﬂuid assisted deformation based on chemical reac-
tions between the ﬂuids and the rock cores. At the
experimental conditions of low temperature and mod-
erate stresses in the present study, PSC is the princi-
pal strain mechanism. What can be considered to be
‘ordinary’ dissolution (dissolution at isotropic condi-
tions) cannot be excluded as having played a comple-
mentary role to PSC in the present study; however,
it is only PSC that can explain the long-term and
continuous compaction of the limestones and sand-
stones under no-ﬂow conditions with pore ﬂuids that
were chemically saturated with respect to calcite and
quartz, respectively (see e.g., Figures 4-7, and ∆G
values in Table 4). Based on the available evidence,
PSC is the deformation mechanism that is most con-
sistent with the experimental results from the present
study.
Three primary conceptual ideas have been pro-
posed in the literature to describe the mechanism of
PSC: the “thin ﬂuid ﬁlm” model Weyl (1959); Rut-
ter (1976, 1983); Hickman et Evans (1991, 1995) Fig-
ure 11a, the “island-channel” model Raj et Chyung
(1981); Raj (1982); Lehner et Bataille (1984); Spiers
et Schutjens (1990); Spiers et Brezesowsky (1993);
Lehner (1995) Figure 11b, and the “free face and
plastic deformation” model Green (1984); Tada et
Siever (1986); Tada et al. (1987); Spiers et Breze-
sowsky (1993) Figure 11c. If one considers an indi-
vidual grain-grain contact, for the ﬁrst model, disso-
lution takes place over the entire grain contact sur-
face within a thin adsorbed ﬂuid ﬁlm trapped in the
intergranular contact zone. In this model the thin
ﬂuid ﬁlm supports the deviatoric stress normal to
the grain-grain interface. Recent theoretical studies
postulate diﬀusivity coeﬃcients approximately 10 to
100 times lower in trapped ﬂuid ﬁlms compared to in
free (pore) ﬂuids (Dysthe et al., 2002; Alcantar et al.,
2003). In the “island-channel” model, numerous is-
land structures support the normal stress between
grains, and channels between the islands contain ﬂuid
at pore pressure. Dissolution and plastic deforma-
tion occur preferentially at stressed island contacts,
resulting in compaction of the contact. Dissolved ma-
terial diﬀuses to pore spaces via the channels. The
“free face and plastic deformation” model (which has
some commonality with the two previous models) is
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based on a continuous grain-grain contact without a
ﬂuid ﬁlm. The area of the contact zone decreases by
dissolution undercutting at free faces in contact with
the pore ﬂuid. Once a critical diameter is reached, the
grain-grain contact collapses by either plastic ﬂow or
brittle failure.
Various constitutive laws have been developed to
predict the rate of pressure solution. An extensive list
of deviatoric and volumetric interface transport mod-
els for pressure solution are given in Table 4 of Evans
et Kohlstedt (1995). As an example, the following is a
constitutive law where pressure solution is limited by
grain boundary diﬀusion (Evans et Kohlstedt (1995),
adapted from Elliot (1973) and Rutter (1976)):
˙e =
32ΩC0Dbδ
RTρs
σ
d3
(5)
where Ω is the molar volume of the ﬂuid, C0 is the
equilibrium solubility in the pore ﬂuid (in contact
with unstressed planar pore surface), Db is the grain
boundary diﬀusion coeﬃcient, δ is the width of the
grain boundary, σ ≡ σ1 - σ3, the applied diﬀerential
stress, R and T are the gas constant and the absolute
temperature, ρs is the density of the solid, and d is
the grain size.
An example of a constitutive law where pressure
solution is limited by interface reactions (dissolution,
precipitation) is the following expression (Evans et
Kohlstedt (1995), adapted from Raj (1982)):
˙e =
Ωk′1C0
(1− x)kT
σe
d
(6)
In the above expression (deﬁning only new terms),
k′ is the kinetic rate constant, σe is the equivalent
stress, x is the area fraction bearing the load, k is
Boltzmann’s constant.
With respect to the present study, one can imme-
diately notice that for both equations, the strain rate
is directly proportional to the stress, and the equi-
librium solubility. For the interface reaction-limited
law (eq.6), there is an additional dependence of the
strain rate on a kinetic rate constant. The other im-
portant diﬀerence between both relations is that ˙
∝ d−3 for the diﬀusion-control and ˙ ∝ d−1 for in-
terface reaction-control. It is not possible with the
experimental data from the present study to rigor-
ously evaluate the applicability of the various PSC
constitutive laws given in the literature, e.g. (Evans
et Kohlstedt, 1995). In addition, it is diﬃcult to dis-
tinguish which intergranular PSC process is rate lim-
iting: dissolution, diﬀusion, precipitation. Such crit-
ical information as the dependence of strain rates on
grain diameter could not be evaluated in our study.
Precise strain rate-grain diameter relations are more
easily evaluated in studies based on aggregates, and
not consolidated rock samples. However, we can eval-
uate the applicability of the 3 conceptual models al-
ready discussed.
As was shown in the Figure 3, the response of
all samples to the initial injection of ﬂuids was an
immediate strain and elevated strain rate. This
is indicative that diﬀusion could not have been a
strain rate-limiting parameter during the initial stage
of dissolution and deformation. In other words,
diﬀusion of ﬂuid into the initially dry intergranu-
lar regions, within the context of the “thin ﬂuid
ﬁlm” model, would have been orders of magnitude
slower than the immediate strain response measured.
Thus, we can estimate that the other two processes
(“island-channel” and “free face”), that do not de-
pend strongly on slow thin ﬂuid ﬁlm diﬀusion, are
the two mechanisms that are most consistent with
the data in the present study.
The long-term, overall, deformation behavior of
the rock cores, and in particular with respect to the
sudden transient strain events recorded during com-
paction of the Estaillades limestone and the sand-
stone in high PCO2 ﬂuids, are also in accord with
the experimental data. The transient events occurred
much too rapidly, and over such short time spans,
to represent ‘smoothly’ occurring continuous chem-
ical reactions and diﬀusion. They more likely rep-
resent compaction processes associated with sudden
collapse, either by cataclasis or plastic ﬂow of either
island-channel structures (island-channel model) or
grain-grain ‘necks’ (free-face model). Given the sig-
niﬁcant nature of the strain (see especially Figure 4,
Estaillades) associated with these transient strain
events, it is probable that they resulted from the
simultaneously collapse of multiple weakened grain-
grain structures, and not just a single grain-grain con-
tact. Alternatively, the collapse of just a few contacts
may have led to a cascading eﬀect, which set oﬀ a
large scale collapse process, resulting in the largest
strain event measured in this study (see Figure 4,
event ‘g’). It is noteworthy that these sudden tran-
sient strain events were exclusive to percolation of
high PCO2 ﬂuids, possibly indicating that rapid dis-
solution of free surfaces played a role in the rapid
formation and collapse of weakened grain-grain sup-
porting structures. In summary, it appears that ei-
ther the island-channel and/or the free face model
is privileged when solutions are undersaturated with
respect to the rock matrix , this leading to rapid dis-
solution kinetics and high diﬀusional gradients - two
conditions necessary for the rapid release and removal
of material to pore spaces. Such conditions character-
ize the ﬂuid-rock interactions during the initial period
of injection and long-term deformation under a ﬂow
regime.
On the other hand, long-term deformation and
compaction in the presence of ﬂuids but in the ab-
sence of ﬂow, where pore ﬂuids became chemically
saturated (or even oversaturated, see Table 4), should
favor the “thin ﬂuid ﬁlm” model. There are two main
reasons for this: a. in this model, only chemical dis-
solution reactions and thin ﬂuid intergranular diﬀu-
sion control the compaction of the mineral grains, it
is unlikely that these two processes could have been
responsible for the sudden, transient, strain events
such as noted in Figures 4 & 7; b. the driving force
for this model is the diﬀerence in chemical potential
of the grain surface interfaces normal to the primary
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stress σ1 and pore ﬂuid-solid interfaces subject to hy-
drostatic (pore ﬂuid) stress (see further explanation
in Hellmann et al. (2002a); and review of literature
therein); in this case deformation continues and is
not stopped when the pore ﬂuids are chemically sat-
urated.
It is very likely that all 3 processes occur simul-
taneously during PSC deformation of rocks, both in
the laboratory and in nature. Taking the experiments
in the present study as an example, we can postu-
late that these 3 processes were partitioned both spa-
tially and temporally. The initial ﬂuid injection pe-
riod (injected ﬂuids totally undersaturated) was most
likely dominated by island channel/free face processes
throughout the rock cores. During long-term defor-
mation with ﬂuid ﬂow, the island channel/free face
processes were probably dominant in those regions
characterized by elevated porosity, i.e., the conical re-
gions at the inlet and extending along the central core
axis, as shown in the CT images in Figure 9. These re-
gions with elevated porosity and elevated ﬂuid trans-
missivity experienced percolating ﬂuids with lower
degrees of saturation, which is controlled by lower
ﬂuid residence times.
In comparison, the remaining regions, particularly
the regions from the center to the outlet, experienced
percolation of more chemically saturated ﬂuids, and
thus, may have been dominated by a thin ﬂuid ﬁlm
deformation process. Even with respect to a single
experiment, e.g. Estaillades (Figure 4), it is possible
to interpret the ‘staircase’ deformation behavior in
terms of the combined action of thin ﬂuid ﬁlm defor-
mation (evidenced by low steady-state strain rates)
and island-channel/free face dissolution strain (evi-
denced by the rapid transient strain events). Thus,
during each period (see Figure 4, black curve) of the
strain-time curve, a diﬀerent PSC process may have
dominated. This alternation of mechanisms is illus-
trated in Figure 12.
Long-term deformation without ﬂuid ﬂow will re-
sult in nearly all pore ﬂuid volumes evolving to chem-
ical equilibrium with their respective grain surfaces
(estimated to be a few days for calcite grains in lime-
stone; and much longer time period for quartz grain in
a sandstone, depending on temperature and other ki-
netic parameters). Under no-ﬂow conditions the thin
ﬂuid ﬁlm should be dominant and rate-controlling.
The thin ﬂuid ﬁlm mechanism should be considered
dominant during deformation over long time periods
in natural settings (i.e., for time periods greater than
possible in the laboratory), at conditions with no, or
extremely slow ﬂuid ﬂow.
5 Conclusions
Injection of important quantities of CO2 into aquifers
and other underground geological sequestration sites
will have important consequences in terms of the
physical and chemical evolution of the water-rock
system, and in particular, aﬀecting the ﬂuid trans-
port properties and mechanical stability of the reser-
voir. Important parameters determining the long-
term behavior of sequestration sites are the lithology-
mineralogy of the host rock, ﬂuid chemistry, injec-
tion rate, T , P and stress conditions of the reser-
voir. One of the major ﬁndings of this experimental
study is that ﬂuids with a high PCO2 have the po-
tential for aggressively dissolving rocks (in particular
carbonate lithologies whose reactivity is very sensi-
tive to pH and PCO2) and creating zones of elevated
porosity. Both of these phenomena lead to enhanced
strain and strain rates. This eﬀect will be partic-
ularly pronounced in the immediate vicinity of the
CO2-injection wells. Injection of CO2 may, in fact,
be viewed as a well stimulation technique, in that
low pH ﬂuids will dissolve and enlarge pre-existing
fracture systems plugged with secondary minerals,
thereby enhancing the fracture network and aiding
permeability development. The results from this ex-
perimental study, combined with complementary the-
oretical studies (e.g. Renard et al. (2005)), point out
that percolation of CO2-rich ﬂuids can inﬂuence the
compaction behavior of an aquifer, and thereby aﬀect
its long-term CO2 storage and sequestration capac-
ity. The eﬀect of compaction and reduced CO2 stor-
age capacity can be potentially oﬀset by relying on
high ﬂow rate injections that can aid in the far-ﬁeld
dispersion of acidic, high PCO2 ﬂuid plumes.
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Estaillades Lavoux W526 Lavoux W520 Sandstone
Porosity (%) 30.6 22 24 15.8
Permeability (mD) 270 8.9 14.1 461
LOI (% mass) 43.475 43.650 43.650 4.840
CaO (% mass) 55.683 55.119 55.119 2.942
MgO (% mass) 0.355 0.437 0.437 1.541
SiO2(% mass) 0.359 0.385 0.385 82.244
K2O (% mass) 0.015 0.023 0.023 2.464
Na2O (% mass) 0.021 0.026 0.026 0.128
Al2O3 (% mass) 0.039 0.074 0.074 4.76
Table 1: Petrophysical characteristics and chemical compositions measured by X-ray ﬂuorescence. LOI
denotes loss on ignition.
Rock sample Estaillades Lavoux W526 Lavoux W520 Sandstone
Fluid PCO2 low PCO2 high PCO2 high PCO2 low PCO2 high PCO2
σ1 (MPa) 8.9 10.0 16.3 16.3 16.0
σ3 (MPa) 7.3 8.5 12.0 11.6 10.2
pf (MPa) 5.9 7.8 7.9 7.9 8.3
σe (MPa) 1.9 1.2 5.5 5.3 3.8
PCO2 (MPa) 10
−4.5 7.8 7.9 10−4.5 8.3
T (◦C) 25 80 40 40 40
[NaCl] (mol.l−1) 0 0 10−2 10−2 10−2
Fluid ﬂow (m3.s−1) 8.33× 10−11 8.33× 10−11 8.33× 10−11 8.33× 10−11 8.33× 10−11
Residence time (h) 20.5 20.5 12.8 14.0 10.0
Fluid velocity (m.s−1) 6× 10−7 6× 10−7 1× 10−6 9× 10−7 1.4× 10−6
Table 2: Experimental parameters during compaction.
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Figure 1: Triaxial cell used for measuring uniaxial strain in presence H2O-CO2 ﬂuids. Vertical stress σ1,
lateral stress σ3 (=σ2), temperature, ﬂuid pressure pf , and injection rate were all separately controlled and
measured. High PCO2 ﬂuids were prepared in separate autoclave. Inset shows expressions for strain,  and
strain rate, ˙.
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Figure 2: Thin sections of rock samples (a) Estaillades limestone sample is composed of red algae debris
(dark grains), and calcic shells embedded into a microsparitic cement (blue is the epoxy resin); (b) Lavoux
limestone contains echinoderm clasts and calcic peloids embedded into a calcite cement (red is epoxy resin);
(c) arkosic sandstone composed of quartz and feldspar grains cemented dolomite and lesser amounts of calcite.
(D: dolomite, Da: idiomorphic dolomite, F: feldspar, Q: quartz, Qa: idiomorphic quartz, Si: chalcedony).
Dry Low PCO2 Low PCO2 High PCO2 High PCO2
(s−1) ﬂuid ﬂow (s−1) no ﬂow (s−1) ﬂuid ﬂow (s−1) no ﬂow (s−1)
Estaillades 1.0×10−12 1.9×10−11 – 1.0×10−10 3.0×10−11
day 35−58 day 198−221 – day 366−370 day 475−495
Lavoux - W526 ≈ 0 – – 4.5×10−10 1.0×10−10
day 53−74 day 209−258 day 120−175
Lavoux - W520 1.1×10−11 2.6× 10−10 8.1× 10−11 – –
day 26−41 day 231−282 day 200−230
Sandstone – – – 2.3×10−11 4.6× 10−12
day 59−134 day 153−161
Table 3: Average strain rates with indicated time ranges.
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Figure 3: Initial compaction induced by injection of ﬂuids into dry, stressed samples. The initial strains were
not dependent on PCO2 , but were strongly correlated with mineralogy and eﬀective stress. ♣ : ﬂuid pressure
variation
Figure 4: Vertical uniaxial deformation of Estaillades limestone sample. Separate -time segments represen-
tative of ﬁve experimental periods during which average strain rates were determined (indicated directly in
the diagram above). Time periods were no data are shown represent non stable-conditions due to experimen-
tal parameter changes (ﬂuid PCO2 , temperature, σe). The magenta curve represents dry deformation under
stress. Injection of water at low PCO2 (green curve) followed, causing compaction and increasing the strain
rate by one order of magnitude. A simultaneous change in temperature (25 to 80 ◦C) and injection of high
PCO2 water (blue curve) caused a signiﬁcant increase in strain and strain rate, characterized by a staircase
pattern of alternating moderate strain rates and sudden transient strain rate increases. The strain rate
behavior was ampliﬁed further on in time (black curve), especially noteworthy at 450-454 days. The strain
rate decreased and became steady again (red curve) when the injection of high PCO2 water was stopped. A
few individual strain rate estimates for the high PCO2 regime (blue and black curves) are listed here (strain
rate intervals on diagram): a. ˙ = 1.5×10−10 s−1 b. ˙ = 1.0×10−10 s−1 c. ˙ = 1.4×10−10 s−1 d. ˙ =
-4×10−11 s−1 e. ˙ = 6.0×10−11 s−1 f. ˙ = -6.3×10−9 s−1 g. ˙ = 1.1×10−8 s−1 h. ˙ = 0.0 s−1, note that ˙
< 0 indicates vertical dilation.
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Figure 5: Vertical uniaxial strain deformation measured for Lavoux W526 sample in the absence of ﬂuid
and during injection of high PCO2 saline ﬂuid (cyan curve). Time periods with no data represent non stable
conditions associated with parameter changes. The red time period ˙ includes a short ﬂow period. Notice
that the renewed injection of high PCO2 saline solution caused large increase in ˙, but after time lag of ≈ 40
days. The end of the experiment was marked by a sudden, rapid increase in strain and strain rate.
Figure 6: Vertical uniaxial strain measured for Lavoux W520 limestone (green line) compared to reference
displacement sensor (blue line). At dry conditions under stress no measurable compaction occurred. Time
periods with no data represent non stable conditions associated with parameter changes. Injection of low
PCO2 saline ﬂuid caused immediate compaction; the strain rate gradually decreased with time. Stopping the
injection had no eﬀect on ˙ until ≈ day 170. Loss of data at t =168 day resulted in an artefactual strain
plateau. Renewal of ﬂuid injection caused an immediate increase in ˙ at end of experiment.
Figure 7: Vertical strain measured on arkosic sandstone. No measurable strain was detected at dry conditions.
Injection of high PCO2 saline solution cause measurable strain to occur. Two sudden transient strain events
occurred at days 160.5 and 161.8. A short period of vertical stress decrease and increase resulted in immediate
responses in the strain curve. When ﬂow was re-initiated, injection rate was 10x and the 2x the initial rate.
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Figure 8: Time evolution of aqueous concentrations of selected elements collected at exit of triaxial cell. Fluid
PCO2 , temperature, and period of no ﬂow indicated directly on diagrams. After re-initiation of injection,
elemental concentrations of the ﬁrst sample taken were used to estimate concentrations of pore ﬂuids during
the preceding no-ﬂow condition.
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Figure 9: X-ray computed tomography (CT) proﬁles and images of samples before and after deformation. All
core lengths equalled 45-50 mm. (a) CT-based porosity proﬁle of deformed Estaillades limestone, compared
to 2 diﬀerent undeformed samples. Note elevated porosities in inlet and outlet regions after deformation.
(b) CT image (1600 attenuation) of an Estaillades limestone before deformation (corresponds to porosity
proﬁle EstG-02 in (a)). (c) CT image (1600 attenuation) of deformed Estaillades limestone (diﬀerent sample
than in (b)). Note CT density slices and locations on core. (d) CT image (1965 attenuation) of Lavoux
W520 before deformation. (e) CT image (1965 attenuation) of same Lavoux W520 after deformation. Note
development of axial porosity. Non-continuity of sample due to post-experiment shear damage. (f) CT-based
porosity proﬁle of sandstone before and after deformation. Pre-deformation porosity based on independant
measurement, post-deformation porosity cannot be quantiﬁed due to lack of CT calibration. (g) CT image
(1290 attenuation) of sandstone before deformation. (h) CT image (1290 attenuation) of same sandstone
after deformation, showing extensive axial porosity development. Note CT density slices and locations on
core.
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Figure 10: (a) ˙ as a function of σe. The 3 separate data sets represent limestone deformation in the presence
of water at low PCO2-ﬂow; high PCO2-ﬂow; and high PCO2-no ﬂow conditions. Slopes range from 0.8 to 2.6,
such values are typical for PSC deformation. (b) ˙ as a function of calcite and quartz solubility (expressed
in terms of [Ca] and [Si]), which is controlled by ﬂuid PCO2 . The 2 data sets represent ﬂuid ﬂow and no-
ﬂow deformation conditions. Data pairs with the lowest solubility represent the sandstone, the intermediate
solubility data represent the limestone at low PCO2 , and the highest solubility data represent limestones at
high PCO2 . Note also that ﬂow strain rates were always higher than their no-ﬂow counterparts. The measured
slopes equal 0.3 and 0.4 for the ﬂow and no-ﬂow regimes, respectively. (c) ˙ as a function of solution saturation
expressed in terms of ∆G for calcite and quartz dissolution. The 4 data groups represent the 3 limestone
samples and the sandstone, and each data pair represents ﬂow and no-ﬂow conditions. Negative values of ∆G
denote ﬂuid undersaturation, positive values supersaturation. Negative slopes indicate that with increasing
pore ﬂuid saturation, the strain rate decreases. (d) ˙ as a function of output [Ca] for the 3 limestones. The 3
data groups represent Estaillades at low PCO2 , high PCO2 , ﬂow; Lavoux low PCO2 , high PCO2 , ﬂow; Lavoux
low PCO2 , high PCO2 , no ﬂow. For any data pair, the positive slopes indicate that the rate of compaction
was always greater at conditions of high PCO2 .
Figure 11: Schematic illustrations of the 3 diﬀerent PSC mechanisms. (a) “thin ﬂuid ﬁlm” model: thin
adsorbed intergranular ﬂuid ﬁlm supports normal stress, with dissolution and diﬀusion occurring within
the ﬁlm. (b) “island-channel” model: multiple island structures separated by channels containing ﬂuid at
pore pressure; stressed islands dissolve preferentially until plastic or brittle failure occurs. (c) “free face and
plastic deformation” model: dissolution occurs exclusively at free faces in pore ﬂuid; once a critical stress
is reached, the intergranular supporting ‘neck’ fails by plastic or brittle deformation, leading to compaction.
Figure adapted from Tada et al. (1987).
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Figure 12: Schematic illustration of the cyclical strain mechanism proposed in this study. (1) Dissolution
occurs predominently in pores spaces. “Thin ﬂuid ﬁlm” intergranular pressure solution (IPS) is responsable
for measured compaction. (2) Undercutting of the supporting ‘neck’ region continues by dissolution, IPS
remains active. (3) As the ‘neck’ diameter continuously decreases, a critical yield stress is reached, causing
a short episode of rapid plastic or brittle compaction. (4) A new deformation cycle starts. This cyclical
deformation is envisaged to occur at a sample scale. Figure modiﬁed from Tada et al. (1987).
[kJ.mol−1] ∆G Calc. ∆G Dolo. ∆G Quartz ∆G Chalc. ∆G Crist. ∆G Arag.
Estaill. - low PCO2 - ﬂow +1.52 -2.20 -2.36 -3.91 -5.51 +0.69
Estaill. - low PCO2 - no ﬂow +2.94 +0.52 -2.46 -4.01 -5.60 +2.12
Estaill. - high PCO2 - ﬂow -0.56 -4.69 -5.79 -7.33 -8.82 -1.52
Estaill. - high PCO2 - no ﬂow +2.12 -0.46 -0.30 -1.14 -3.33 +1.15
W520 - low PCO2 - no ﬂow +13.81 +28.04 -8.83 -10.38 -11.94 +12.94
W520 - low PCO2 - ﬂow +6.68 +8.78 -7.36 -8.91 -10.47 +5.81
W526 - high PCO2 - ﬂow -11.59 -23.97 -2.00 -3.55 -5.12 -12.45
W526 - high PCO2 - no ﬂow -7.07 -16.18 -1.69 -3.24 -4.80 -7.93
sandstone - high PCO2 - ﬂow ini. -20.45 -28.03 -3.29 -4.84 -6.40 -21.32
sandstone - high PCO2 - no ﬂow -13.87 -16.89 +4.46 +3.09 +1.52 -14.03
sandstone - high PCO2 - ﬂow 10x -13.99 -20.70 -5.50 -7.05 -8.61 -14.86
sandstone - high PCO2 - ﬂow 2x -12.67 -18.10 -4.26 -5.81 -7.37 -13.52
Table 4: Chemical saturation state, based on the output chemistry, expressed in term of Gibbs free energy of
reaction (∆G) for some common mineral phases relevant to limestone and sandstone deformation. Negative
∆G values indicate undersaturation, positive values indicate supersaturation. Calc.: calcite; Dolo.: dolomite;
Chal.: chalcedony; Crist.:cristobalite; Arag.: aragonite
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[D] =
E(1− ν)
(1 + ν)(1− 2ν)
⎡
⎢⎣
1 ν(1−ν) 0
ν
(1−ν) 1 0
0 0 1−2ν2(1−ν)
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Cadre général et enjeux de la thèse 
Présentation succincte 
- Enjeu global : 
Aujourd’hui, l’Humanité doit faire face à un réchauffement climatique global de la planète. 
Ce réchauffement est la conséquence des nombres émissions de gaz à effet de serre dans 
l’atmosphère induite par les activités humaines (centrales électriques, usines de produits 
chimiques, transport, …). Les conséquences de ce réchauffement sont déjà observables : outre 
l’augmentation de la température, le niveau des océans monte, les inondations et les 
sécheresses sont plus fréquentes et plus dévastatrices, certaines maladies se développent… Ce 
problème concerne tout le Monde, autant pour ses causes que par ses conséquences. 
Face à ce problème du réchauffement climatique, le stockage souterrain du dioxyde de 
carbone (CO2, le principal gaz à effet de serre) est une solution efficace, souple à mettre en 
place, et économiquement intéressante. Cependant, les connaissances scientifiques actuelles
ne permettent pas d’apporter toutes les garanties de fiabilité et de sécurité nécessaires pour la
mise en place. Pour cela, de nombreux phénomènes physiques et chimiques doivent être
étudiés dans les conditions spécifiques de ce stockage de CO2.
Ma thèse s’inscrit dans ce contexte environnemental du changement climatique, dont toute 
l’Humanité subit déjà les conséquences (canicule de l’été 2003). Cela se traduit par des 
intérêts industriels et (obligatoirement) économiques : comment réduire le coût du stockage 
géologique du CO2 ? Comment optimiser les quantités stockées ? 
- Titre de la thèse :
Etude du couplage chimie-mécanique lors de la déformation d’une roche sous contrainte dans 
le contexte de la séquestration géologique du CO2.
- Résumé : 
Prenez un morceau de sucre, appuyez légèrement dessus avec le doigt, rien se passe. Refaites 
la même expérience en ajoutant quelques gouttes d’eau sur le morceau de sucre, il s’effondre 
très facilement. Même si les phénomènes physiques responsables de la fragilisation du sucre 
en présence d’eau ne sont pas les mêmes que dans une roche, il se passe un peu la même
chose. En présence d’eau une roche se déforme plus facilement, et en fonction de la
composition chimique de l’eau, la vitesse de déformation sera plus ou moins rapide. 
Au cours de ma thèse, j’ai étudié les interactions chimiques qui peuvent prendre place entre 
une roche et des eaux contenant plus ou moins de CO2, pour comprendre comment la
composition de l’eau influence la déformation de la roche. Pour cela, j’ai développé des 
expériences de laboratoire uniques, permettant de suivre au cours du temps, dans les 
conditions du stockage géologique du CO2, la déformation d’échantillons de roche et la 
composition chimique des fluides. 
Les données ainsi acquises devraient permettre d’améliorer les modèles numériques qui 
simulent le stockage du CO2, et d’aboutir à des recommandations sur le choix des sites de 
stockage.
Ma thèse dans son contexte 
- place dans le projet de l’équipe : 
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Ma thèse prend place au sein de l’UJF
1
, dans un laboratoire de l’OSUG
2
. L’OSUG regroupe 6 
laboratoires, dont le LGIT dans lequel ma thèse s’est déroulée, et s’occupe de la recherche, de 
l’observation, de la formation et de la diffusion des connaissances dans les thématiques liées à 
la planète Terre ou aux étoiles. 
Ma thèse est financée par une bourse CIFRE
3
 et se déroule dans le cadre d’une collaboration
entre l’IFP
4
 et le LGIT
5
. L’IFP est un centre de recherche scientifique et de développement
industriel, de formation et d’information dans les domaines des hydrocarbures et de leurs 
utilisations. Situé sur deux sites, à Rueil-Malmaison et à Solaize, l’IFP regroupe environ 1730 
personnes. Le LGIT est également situé sur deux sites : à Grenoble et à Chambéry, et
regroupe environ 120 personnes dont 50 chercheurs permanents, et 28 doctorants. Les thèmes
de recherches y sont très variés : la géologie, la sismologie, la géochimie, la géodynamique,
… Au LGIT, j’ai passé mes 3 années de thèse au sein de l’équipe « fluides et dynamique de la 
croûte ». Cette équipe pluridisciplinaire comprend 15 permanents et 4 doctorants, ses thèmes
de recherche vont de la géologie de terrain à la modélisation numérique, en passant par la 
géochimie. Au sein de cette équipe, ma thèse est la première grande étude sur la thématique
du stockage géologique du CO2. Depuis, d’autres études sur cette même thématique ont vu le 
jour (force de cristallisation, cinétiques de réactions, …). 
Ma thèse s’est déroulée au LGIT (plutôt qu’à l’IFP) car ce laboratoire possède des 
compétences humaines et matérielles que ne possèdent pas l’IFP. Cependant, les résultats 
obtenus pendant ma thèse permettront d’améliorer des outils de modélisation développés à
l’IFP.
- situation au regard de la concurrence :
Aujourd’hui, beaucoup d’équipes académiques et industrielles s’intéressent à la
problématique du stockage géologique du CO2. En France, ces équipes sont regroupés au sien 
de projet de recherche, comme les projets PICOR
6
 puis PICOREF
7
. Ils ont permis de mettre
en place un certain nombre d’expériences, dont celles sur lesquelles repose ma thèse. Dans le 
cadre de ces projets, afin d’obtenir un maximum de résultats, les expériences sont réalisées en 
cohérence et en complémentarité les unes par rapport aux autres. Mes expériences ne sont 
donc pas en concurrence avec les expériences menées par d’autres équipes de recherche. 
Cependant, dans un cadre plus large, les expériences mis en place durant ma thèse n’ont, à ma 
connaissance, pas d’équivalent dans le monde.
- moyens scientifiques, techniques et humains : 
Mes expériences ont pris place au sein de l’équipe « fluides et dynamique de la croûte » car 
cette équipe possède depuis de nombreuses années une grande expertise dans la mise en place 
de protocoles expérimentaux. En particulier, la fabrication des cellules nécessaires à mes
expériences a été possible grâce aux compétences pointues et à l’expérience de techniciens et 
de chercheurs de l’équipe. La mise en place des expériences a ensuite été possible grâce à une 
collaboration entre un chercheur, un maître de conférences, et un ATER du laboratoire. 
Une fois le protocole expérimental en place, je me suis occupé seul des expériences grâce au
matériel disponible au laboratoire. Les  analyses de fluides ont été effectuées par l’ingénieur 
chimiste de notre équipe, sur du matériel du LGIT.
1 UJF : Université Joseph Fourier
2 OSUG : Observatoire des Sciences de l’Univers de Grenoble
3 CIFRE : Conventions Industrielles de Formation par la Recherche
4 IFP : Institut Français du Pétrole
5 LGIT : Laboratoire de Géophysique Interne et Tectonophysique
6 PICOR : Piégeage du CO2 dans des Réservoirs
7 PICOREF : Piégeage du CO2 dans des Réservoirs en France
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Tout au long de ma thèse, j’ai trouvé en mon directeur de thèse un soutien constant, autant 
pour l’organisation de mon travail, que pour le financement de mes travaux, ou pour me
suggérer de nouvelles idées. Les techniciens qui ont travaillé avec moi ont fait preuve, entres 
autres, d’une grande disponibilité dans les moments critiques, et j’ai toujours trouvé un 
étudiant pour m’aider avec un logiciel ou un autre. J’ai beaucoup apprécié de travailler au 
LGIT, il y règne une ambiance rare. 
En ce qui concerne des aspects plus quotidiens, j’avais à ma disposition tous les moyens pour 
travailler dans de bonnes conditions : un bureau avec un ordinateur, l’accès au réseau 
informatique (réseau local, Internet, adresse e-mail), l’accès au centre de documentation de la 
maison des géosciences, un accès au téléphone et au fax, une boîte aux lettres … 
- appartenance de l’équipe à des réseaux :
L’équipe à laquelle j’appartiens est constituée de personnes ayant des domaines d’études très 
spécifiques. Tous les membres de l’équipe travaillent en partenariat avec d’autres chercheurs
issus d’autres laboratoires français ou étrangers (Laboratoire de physique à Grenoble, PGP en 
Norvège, Cerege à Aix-en Provence, SCRIPPS à San Diego, GSJ au Japon …). Certaines
personnes peuvent également avoir des partenariats avec des entreprises ou des collectivités 
locales (GDF, IFP, TOTAL, la ville de Grenoble, …). Ces partenariats permettent d’avoir des 
relations privilégiées, et de confiance avec des personnes qui ont les compétences dont on 
peut avoir besoin ponctuellement. J’ai profité de certaines relations au cours de ma thèse pour 
obtenir des articles, pour m’aider à interpréter mes résultats, ou pour avoir une aide technique. 
J’ai en particulier profité des relations de mon directeur de thèse en Norvège pour y effectuer 
plusieurs séjours (durée totale : environ 3 mois).
Moi dans ce contexte 
Avant de faire une thèse, j’ai obtenu le diplôme d’ingénieur de l’école des Hautes Etudes 
Industrielles (à Lille), avec une spécialité en BTP
8
. Cette formation m’amenait naturellement
à travailler dans une entreprise de construction et comme conducteur de travaux par exemple.
Cependant, mes stages m’ont permis de me rendre compte que les métiers de la construction
ne me suscitaient pas un grand enthousiasme. J’ai donc pris l’opportunité de faire un DEA en
parallèle de ma dernière année d’école d’ingénieur pour m’ouvrir d’autres perspectives 
professionnelles. Au cours de ce DEA, j’ai effectué mon stage à l’IFP où j’ai commencé à 
travailler dans la thématique du stockage du CO2. Comme cette thématique me plaisait, et que 
mon stage de DEA s’est bien déroulé, j’ai donc fait le choix de continuer sur une thèse. La
thèse me permettait ainsi de compléter et d’élargir mes connaissances et mes compétences en 
travaillant sur un sujet motivant. Mon choix de faire une thèse a été conforté par des 
discussions avec plusieurs docteurs de l’IFP, et par les gens que j’ai rencontrés à Grenoble. La
thèse m’a également intéressé par son approche multi disciplinaire du sujet de recherche.
Déroulement, gestion et coût du projet
Préparation et cadrage du projet 
- évaluation des facteurs de succès et de risques :
8 BTP : bâtiment et travaux publics
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Aspect expérimental : le principal facteur de risque de ma thèse est de loin la partie
expérimentale sur laquelle elle repose. Quand je suis arrivé au LGIT, les expériences n’étaient 
pas encore opérationnelles, et rien ne garantissait que l’on puisse mesurer correctement les 
processus étudiés. Cependant, étant donné la longue expertise du LGIT dans le domaine
expérimental, c’est le meilleur endroit où ces expériences pouvaient prendre place. 
Coût : mes expériences sont coûteuses, autant à la fabrication que lors de leur 
fonctionnement. Le bon déroulement de ma thèse n’a été possible que grâce aux nombreuses
aides financières obtenues de l’IFP, du FSH
9
, de GDF
10
, … au début et en cours de ma thèse. 
L’obtention des aides financières a été facilitée par l’actualité et l’importance de la
problématique du stockage du CO2 depuis quelques années. 
Multi disciplinaire : ma thèse nécessite des connaissances diverses : en mécanique, en chimie,
en physique, … et à des compétences spécifiques : expérimentation, modélisation, … Je ne 
possédais pas tous ses éléments au début de ma thèse, mais, grâce à ma formation généraliste 
initiale, j’avais les connaissances élémentaires me permettant d’apprendre et de m’adapter et 
d’être efficace. 
- Choix des partenaires : 
Pour la partie expérimentale de ma thèse, j’ai trouvé toute l’aide nécessaire au LGIT. Mise à 
part la fabrication, l’installation et la mise au point des expériences ont été effectuées avec des 
personnes et du matériel du LGIT. Au cours des expériences, les analyses chimiques ont 
également été effectuées par des personnes et du matériel du LGIT. L’IFP a également été un 
partenaire privilégié pendant ma thèse. Outre le financement de la thèse, j’ai profité du 
matériel, des logiciels et des compétences disponibles là-bas. De manière ponctuelle, j’ai aussi 
trouvé de l’aide auprès de personnes impliquées dans les projets PICOR et PICOREF. La 
collaboration avec le PGP
11
 en Norvège a été possible grâce aux contacts de mon directeur de
thèse dans ce laboratoire. 
- Financements externes à l’équipe : 
Outre les financements obtenus pour la mise en place de mes expériences par mon directeur 
de thèse, j’ai personnellement fait une demande de bourse Eurodoc à la région Rhône-Alpes 
(3 810 euros) pour partir travailler en Norvège. J’ai entièrement pris en charge les démarches
nécessaires pour l’obtention de cette bourse. 
- Gestion des aspects contractuels :
Il n’y a rien de confidentiel dans mon projet de recherche, mes travaux ont fait l’objet de
nombreuses communications orales, dans le cadre de conférences internationales, ou des 
réunions des projets PICOR et PICOREF. Cependant, comme le stipule mon contrat de 
travail, les résultats obtenus sont la propriété de l’IFP avant d’être les miens, à l’exception des 
résultats publiés dans des revues scientifiques, qui deviennent alors ma propriété
intellectuelle.
Conduite du projet 
- Principales étapes :
9 FSH : Fonds de soutien aux hydrocarbures, aujourd’hui RTPG : Réseau de Recherche sur les Technologies
Pétrolières et Gazière
10 GDF : Gaz de France
11 PGP : Physics of Geological Processes
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Ma thèse repose principalement sur la mise au point et la réalisation d’expériences, de longues 
durées (plusieurs mois), mais j’ai également développé un aspect simulations numériques.
A mon arrivée au LGIT, j’ai pris à ma charge de terminer la mise au point de la première
cellule expérimentale, ainsi que l’installation d’une deuxième cellule. J’ai mis plusieurs mois
à me familiariser avec le matériel du laboratoire et à devenir autonome dans la gestion des
expériences. La partie la plus critique des expériences a été de mettre en place l’injection d’un 
fluide contenant beaucoup de CO2 au travers de mes échantillons de roche. Au cours de la 
thèse, j’ai régulièrement perfectionné les expériences. Parallèlement à mes activités
expérimentales, une étude bibliographique des processus étudiés m’a permis de me mettre à 
niveau sur la théorie des processus physiques et chimiques étudiés. 
Une fois les expériences lancées, grâce à des premiers résultats expérimentaux encourageant,
j’ai pu partir en Norvège. Ce séjour m’a permis d’apprendre et de mettre en place des 
simulations numériques pour aider à la compréhension de mes résultats expérimentaux.
Grâce aux résultats expérimentaux progressivement acquis, j’ai fait des choix sur les types
d’échantillon à utiliser, et dans quelles conditions expérimentales.
En fin de thèse, des mesures complémentaires réalisées sur les échantillons après les 
expériences et les simulations numériques que j’ai mis en place vont encore apporter des
informations supplémentaires pour la compréhension des phénomènes étudiés. 
- encadrement, suivi d’avancement : 
Tout au long de ma thèse, j’ai bénéficié du soutien constant de mon directeur de thèse à 
Grenoble, qui a fait preuve d’une grande disponibilité. Mes contacts avec mon directeur de 
thèse à l’IFP étaient moins fréquents, principalement à cause de l’éloignement mais également
parce que j’avais à Grenoble tout le soutien dont j’avais besoin pour les expériences. Afin de
le maintenir au courant de l’avancement de mes travaux, une rencontre était organisée en 
moyenne tous les trimestres, à l’IFP ou dans le cadre du projet PICOR. Aujourd’hui, nos 
contacts sont plus nombreux car ses compétences en modélisation géochimique me sont 
utiles, et mes visites à l’IFP plus fréquentes. 
Un moment important dans le déroulement de ma thèse a été la soutenance de mi-parcours
organisée par l’IFP. Cette soutenance réalisée après 18 mois de thèse, m’a donné l’occasion 
de faire un bilan du travail accompli, et d’avoir l’avis et les conseils d’un comité scientifique
de l’IFP. 
- gestion des relations avec les partenaires : 
Pour la mise en place des expériences, j’ai travaillé avec des personnes du LGIT, et j’ai 
également pris contact avec des fournisseurs extérieurs pour l’achat du matériel nécessaire au 
perfectionnement des expériences. Au LGIT, j’ai en particulier sollicité l’aide du personnel 
technique, et travaillé régulièrement avec l’ingénieur chimiste pour les analyses de fluides. 
Dans le cadre du projet PICOR dans lequel s’inscrit ma thèse, j’ai participé à part entière aux
différentes réunions sur l’avancement du projet. J’ai contribué à la rédaction des fiches de 
synthèse sur les travaux réalisés au LGIT. Lors de la collaboration avec GDF, j’ai également
participé à la rédaction du rapport final sur les activités menées lors de cette collaboration. 
Pour ma bourse Eurodoc pour la Norvège, j’ai géré la demande de bourse et la rédaction du 
rapport final avec l’université et la région Rhône-Alpes. 
J’ai également sollicité l’aide de plusieurs personnes de l’IFP pour mettre en place différentes 
analyses sur mes échantillons. 
- Problèmes rencontrés : 
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J’ai conscience d’avoir bénéficié de conditions, semble-t-il exceptionnelles, au cours de ma
thèse. Je n’ai pas eu de problèmes financiers pour mes expériences ou mes déplacement, ni de 
problèmes humains avec des collaborateurs proches. Les difficultés que j’ai rencontrées sont
techniques, directement lié avec les expériences que j’ai mis au point. La plupart d’entres 
elles se sont résolues au cours du temps, grâce à une pratique et une expérience grandissante.
Evaluation et prise en charge du coût du projet 
- coûts humains : 
Nom et fonction
Salaire Brut +
Charges Patronales
(salaires mensuels – euros)
Mode de 
Calcul
Montant
(euros)
Yvi LE GUEN 1 830 + 820 3*12 mois 95 400 € 
François RENARD
(directeur de thèse)
2500 + 1125
(9000 € environné)
20 semaines 18 125 € 
Chercheurs 3500 + 1575 5 semaines 6344 € 
Techniciens 2 500 + 1 000 100h 1 450 € 
Total 121 319 €
- coûts matériels pour toute la durée de la thèse : 
Cellules expérimentales x 2 50 000  € x 2 
Matériels complémentaires 20 000 € 
Analyses chimiques 3 x 600 € 
Matériel et 
Prestations
Analyses à l’IFP 3j à 1000 € 
Missions en France 150 € x 4 x 3 
Norvège 3 810  € 
Conférences USA 1 500 € x 2 
Déplacements
Formations 1 500 € 
Infrastructure
LGIT
20% du salaire brut total 3 x 19080 € 
Total 192 750  €
Tableau 1 - Principales dépenses liées à la thèse.
- ressources : 
Nom du contrat Montant total Montant pour la thèse 
PICOR 84 000 70 000 € 
IFP 24 000 24 000 € 
GDF 35 000 25 000 € 
Bourse Eurodoc 3 810 3 810 € 
ACI CO2 11 000 5 000 € 
ACI Minéralisation 30 000 10 000 € 
Laboratoire 3 x 19 080 € 
Total 195 050 € 
Tableau 2 - Principales ressources de la thèse.
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Expérimentations
63%
Expérimentations -
analyses
2%
Déplacements en 
France
1%
Conférences - 
Ecoles d'été
4%
Infrastructures
30%
Figure 1 - Répartition des dépenses principales liées à la thèse. 
- ventilation des ressources : 
Comme indiqué par le Figure 1 la plupart des ressources ont été utilisées pour la mise en 
place et le fonctionnement des expériences. Les ressources présentées dans le Tableau 2 sont 
indiquées dans un ordre chronologique. Ainsi l’argent obtenu par le projet PICOR a 
principalement été utilisé pour financer la mise en place des expériences au début de la thèse. 
Le projet avec GDF a en particulier permis d’acheter 2 pompes (13 500 €). L’argent donné 
par l’IFP a permis d’acheter des capteurs de pressions (4 000 €). La bourse Eurodoc a 
complètement financé mon séjour en Norvège. Les dépenses associées aux déplacements en 
France et à l’étranger (autres que le séjour en Norvège) ont été pourvues par l’argent des 
projets en cours au moment des différentes missions.
Compétences, savoir-faire, qualités professionnelles et personnelles 
illustrées par des exemples
- connaissances générales : 
Ma thèse s’inscrit dans la thématique globale du stockage géologique du CO2, qui aujourd’hui 
mobilise beaucoup de professionnels académiques et industriels. Grâce à mes lectures et à ma
participation à des réunions et à des conférences, j’ai acquis une vision plus globale de cette 
problématique, en particulier scientifiques (dynamique des fluides, chimie des mélanges, 
modélisation géochimiques, …), mais aussi économiques (coût de la récupération, du 
transport, de l’injection du CO2), sociétaux (effets du changement du climat sur l’Homme),
législatif (comment et quelles lois mettre en place pour permettre, mais contrôler, le stockage 
du CO2), etc.
- domaines d’expertise scientifique : 
Par ma thèse, je me suis spécialisée dans l’étude d’un processus de déformation des roches : la 
dissolution sous contraintes, un mécanisme de déformation qui lie physique et chimie.
Par ailleurs, mes expériences impliquant de manière couplée la mécanique et la chimie, j’ai 
également approfondi mes connaissances dans ces deux disciplines. 
- Connaissances techniques acquises :
Grâce à ma thèse, j’ai développé des compétences expérimentales (autant en mécanique qu’en
chimie), ainsi que des connaissances en modélisation numérique (chimique et mécanique).
J’ai également développé des compétences concernant l’utilisation de logiciels de 
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bureautique, de logiciels de dessin ainsi que de logiciels plus spécifiques aux Sciences de la 
Terre.
- Compétences méthodologiques, gestion du temps :
Au cours de la thèse, de nombreuses obligations doivent être remplies régulièrement. J’ai fait 
preuve d’organisation pour mener de front plusieurs activités : expériences, cours, rédaction 
de rapports… Le choix de mes priorités s’est fait, en général, très logiquement en fonction des 
délais et de la quantité de travail à fournir. Cependant, des éléments extérieurs m’ont parfois
obligé à changer mon programme de travail (problèmes expérimentaux, missions de terrain, 
soucis informatiques, …). Ainsi, même si j’avais toujours en tête un programme de travail à 
moyen terme, j’ai aussi fait preuve de souplesse pour m’adapter aux imprévus.
- savoir-faire : 
Administratif : la thèse est ma plus longue expérience professionnelle. En m’impliquant dans 
la vie du laboratoire en tant que représentant des étudiants, j’ai ainsi beaucoup appris sur le 
fonctionnement d’une telle structure. De façon plus pratique, j’ai appris les procédures à 
suivre pour l’organisation de missions en France ou à l’étranger, pour l’achat de matériel, … 
Linguistique : même si le LGIT est un laboratoire français, la plupart des documents de travail 
sont en anglais, les communications orales, même en France, peuvent se faire en anglais. Ma
thèse m’a ainsi permis d’améliorer mes compétences linguistiques, autant écrites qu’orales.
- qualités personnelles :
Capacité au travail : Je peux être très efficace dans mon travail, et je suis prêt à passer le 
temps qu’il faut sur un problème jusqu’à atteindre un résultat satisfaisant. Je mets donc toutes 
les chances de mon côté en ce qui concerne l’investissement au travail. La rédaction du 
manuscrit est un bon exemple, car il implique une grande quantité de travail en « peu » de 
temps. Mais pendant ma thèse, j’ai aussi beaucoup travaillé pendant mon séjour en Norvège 
afin d’en tirer le plus profit, de même pendant mes séjours à l’IFP. 
Adaptable : je suis arrivé à Grenoble pour ma thèse, je me suis à la fois habitué à un nouveau 
cadre de vie et à un nouvel environnement de travail. Au cours de ma thèse j’ai appris à 
m’adapter aux personnes que j’ai rencontrées, ainsi qu’aux environnements dans lesquels j’ai 
travaillé : en laboratoire, à l’étranger, avec des géologues ou des chimistes…
Capacité d’analyse ou de synthèse – rigueur : la thèse permet de développer des qualités 
d’analyses afin de cerner, rapidement, la pertinence et la véracité des informations recueillies.
Identifier les informations les plus importantes et les plus critiques est nécessaire pour 
continuer à avancer, dans la bonne direction, sur son sujet de thèse. 
Par ailleurs, avec mes expériences j’ai acquis un grand nombre de données : en mécanique, en 
chimie, des images, … dont il faut réussir à faire la synthèse pour extraire les éléments les 
plus instructifs. 
Mon travail de recherche m’a aussi permis d’être plus rigoureux, grâce, par exemple, à mon
article, dans lequel il faut être le plus précis et le plus complet possible, ou grâce à mes
expériences pour lesquelles la qualité des données dépend du contrôle des paramètres.
Communication orale et écrite : tout au long de ma thèse, j’ai eu l’occasion de présenter mon
travail, oralement et par écrit, en français et en anglais. Les conférences internationales, les
réunions, ainsi que les articles que j’ai écrits, m’ont permis d’améliorer mes qualités de
communication orale et rédactionnelle. 
Réfléchi – esprit critique : je ne prends pas au pied de la lettre toutes les informations que je 
reçois. Même si je dois me reposer sur les compétences d’autres personnes, j’essaye d’avoir 
un regard critique sur ce qu’on me dit. Dans un autre contexte, pour l’interprétation de mes
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résultats expérimentaux, je regarde toutes les hypothèses possibles avant de tirer des 
conclusions.
Ouverture d’esprit, goût d’apprendre : je ne me limite pas strictement à mon sujet d’étude, et 
à ce qui pourrait mettre directement utile pour mon travail. Outre les disciplines sur lesquelles 
j’ai dû me mettre à niveau pour ma thèse, j’ai beaucoup aimé apprendre des personnes que j’ai 
rencontrées, même dans des disciplines très éloignées de mon thème principal de recherche.
J’ai profité des occasions qui m’étaient données pour apprendre des autres. A présent je 
connais la loi d’Omori, l’influence des rayons cosmogéniques sur le 
36
Cl, le nombre
d’Eckman…
Relationnel : un peu réservé en arrivant à Grenoble, je pense avoir développé une bonne 
qualité relationnel au cours de ma thèse. Je connais un grand nombre de personnes au LGIT, 
et j’espère garder des contacts avec un certain nombre d’entre elles. 
J’ai toujours travaillé en en bonne sympathie avec les autres personnes du LGIT, autant avec 
des chercheurs, qu’avec des techniciens ou le personnel administratif.
- Construction d’un réseau personnel :
Le réseau personnel que je possède aujourd’hui est principalement en lien avec la thématique
du stockage du CO2. J’ai développé ce réseau grâce à ma participation active à des projets
nationaux sur ce thème de recherche. Ce sont les réunions d’avancement qui m’ont permis de 
connaître les partenaires et leur(s) domaine(s) de compétence. Certes en tant que doctorant, il 
est difficile de se faire connaître, mais je pense que cela changera après ma soutenance, et au 
fur et à mesure de ma vie professionnelle. 
Au LGIT, j’ai aussi côtoyé des chercheurs, des techniciens, des étudiants travaillant sur des 
thématiques variées, j’espère qu’ils pourront m’apporter leur aide si j’ai besoin un jour
d’informations dans leurs domaines d’expertises respectifs. 
- Transfert des connaissances/compétences au-delà du domaine académique : 
Mon sujet de thèse étant basé sur un problème d’actualité, ma connaissance globale du 
stockage géologique du CO2 est un atout pour trouver du travail dans ce domaine d’activité. 
De plus mes connaissances scientifiques en géochimie, en mécanique, … sont des atouts 
supplémentaires car ils sont au cœur de nombreux problèmes que pose le stockage du CO2
aujourd’hui
Par ailleurs, mon organisation dans mon travail me permettra de mener à bien des projets 
complets et complexes. Ma rigueur sera également un atout pour la réussite des projets dans 
lesquels je serais impliqué. Mes qualités relationnelles, et de communication me permettront
d’échanger plus facilement avec des collaborateurs en France et à l’étranger. Pour moi, la
mobilité est toujours enrichissante. De plus, grâce à mes connaissances dans des disciplines
variées (mécanique, géochimie, modélisation, expérimental, …) je peux m’adapter,
comprendre et travailler efficacement avec des personnes de compétences et de spécialités 
diverses, comme je l’ai fait pendant ma thèse avec des sismologues, des géologues, des 
géochimistes, … Grâce à l’ouverture d’esprit dont j’ai fait preuve, j’ai beaucoup appris sur 
des thèmes de recherche variés, j’ai aiguisé ma curiosité. Tout ce que j’ai appris me permet
ainsi d’avoir plus de recul et un regard plus complet d’un même problème. Aujourd’hui, 
j’apprends plus facilement et plus rapidement de nouvelles choses. 
Résultats, impact de la thèse
- impacts pour l’équipe et le labo :
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La thèse a permis de mettre en place au LGIT une expérience unique, qui même si elle peut
encore être améliorée, donne d’ores et déjà des résultats très intéressants. Le travail effectué 
permet au laboratoire de rester à la pointe dans son domaine d’expertise. En plus, les résultats 
obtenus peuvent aussi être utiles pour la compréhension d’autres phénomènes physiques qui 
sont étudiés par d’autres chercheurs, comme le rôle des fluides dans les failles, ou la physique 
de la dissolution sous contrainte. A présent que le protocole expérimental est en place, les
possibilités sont très larges d’un point de vue scientifique, et permettra au laboratoire de 
développer d’autres collaborations sur la mécanique des roches, les interactions
fluides/roches, … 
- impacts personnels :
J’ai pris l’opportunité de faire une thèse, principalement parce que j’y voyais un moyen de
compléter ma formation ainsi que d’élargir mes opportunités professionnelles. Aujourd’hui, je 
pense que mes objectifs sont atteints. En plus, je suis à présent impliqué dans un secteur 
d’activité en plein effervescence qui me plaît de part les nombreux aspects qui la compose et 
par les enjeux qu’il représente. Les connaissances que j’ai acquises me permettent aujourd’hui 
de travailler sur des projets en lien avec cette thématique, autant sur des aspects scientifiques 
que sur leurs impacts. J’ai aussi beaucoup apprécié de rencontrer et d’apprendre des gens que
j’ai rencontrés pendant ma thèse, je veux exercer un métier dans lequel le relationnel (avec les
clients, les collaborateurs) aura une part importante.
Après ma thèse, plusieurs possibilités de travail s’offrent à moi : le monde de la recherche 
avec les postes de chercheur, d’enseignant-chercheur ou un post-doctorat. Je peux également
me diriger vers le secteur privé, dans un département de R&D par exemple. 
Aujourd’hui, je ne souhaite pas continuer dans la recherche, cependant j’ai conscience de son 
importance pour le monde industriel, et en particulier pour le stockage du CO2 qui soulève 
beaucoup d’inconnues, et dont les conséquences sur l’environnement et sur l’Homme peuvent 
se révéler cruciaux. Ainsi, même si je n’y prends pas part directement, je veux pouvoir 
continuer, de près ou de loin, à suivre l’avancement des recherches qui sont menées pour lever
les verrous qui permettront d’envisager sereinement le stockage géologique du CO2. Enfin, je 
souhaite travailler dans une entreprise privée pour être plus proche des réalités industrielles et 
économiques liées à la mise en place du stockage du CO2.
Globalement, je veux un travail avec de multiples facettes (scientifiques, économiques, …), 
variés (recherches, industriels, …), où les échanges avec les personnes sont réguliers (clients, 
collaborateurs, …), et qui peut offrir l’opportunité d’être mobile (France, étranger, …). 
Aujourd’hui, je pense avoir trouvé un travail qui correspond à mes attentes. Le 10 mai, j’ai 
signé un contrat de travail à durée indéterminée avec la société OXAND en tant
qu’« ingénieur d’affaire et de recherche ». OXAND est une petite société basée à 
Fontainebleau dont le cœur de métier est la gestion par les risques des infrastructures. Son 
activité sur la thématique du stockage du CO2 prend aujourd’hui de plus en plus d’importance,
elle avait donc besoin de renforcer ses effectifs dans ce secteur d’activité. Cette société 
travaille, en France et à l’étranger, avec des universités et des industrielles, pour gérer des 
projets de recherche ou analyser les risques liés à certains aspects du stockage géologique du 
CO2.
200
 	

     	
   	  	
  
 		  

	
  
 	 		    	 
  !"#
""!
$   % 		  &' 
	  $	(	 ))*  + ,	   +
+	 -.) /	 	 0 &  	  122 	) 
  nd 
    	  %	 30" """
3 4    5
	
 
	
. )	+  ))
 	   	 	 
3#" ## #
% & 	 6 	  7 			  7 & 	  %		  
+*	+	 	
	*8  
	  9 & :	 * 
  !0!; "! "
&  $   / 	  5	 - 122  122 <
  
+ 	)	 =	 	    !!  
"   
#$ %&  '
   ()) )   
3  3 		 6 > 	  6 	  	(  + 
+	
	8
 + 
 	0+) *   :0	* 
 ( * 	"  
 ( 5%'  !"! 
5 6 	  1	 : =	 *   )+,) " 	 
	   +$ "" % 1	? 1'% ""#
&06 	   	  %
 ( 	
	  	
+ )0=	8 (
	. ( @	  =
 
  "   #  
% '   & 
  1+)  =	8 *  	*   ﬀ
( 	 
& :	 ()  		    ";#; #;# 
' 	  %12$ 0 %B))  122   $B	(	  $	 %	< 5C
/!"?"!  	D  %B	 "";
' 	 1 	  3  	  6) 0$
. 	
 
 * +
%	
  1220'	
+ 5  1	 5  >+ $  $
( 5	
 	
- .  	    + & */ " !"; "";
6 & !	 5 
  6 "	 5 ' #  C 4 $
	  E(
  122 .) 	 ))
 	)  *
  	
  
  * ' 5  7 F 	
  1  # B	  	  0th
"
  	
  	
    	 
  
    	   
 
  !

"##$
   
  	
	
   	
		
   
 %  
 		 &  	 
 	2     
 
   
   '() 	
 "##" % * ##+#,,"-.$
/ 0  		
 1 %  		
  ! 		
    & %233 3 3
3 4 56   3 3 & 	ﬀ3 4    6 
 
 "##$
 
  	    & 3  4   
2  3 ﬂ (  0 4  9:  	 

 ,+;'<&'.+('-+
 '==)
 	 & 	 33  3     4  >3
 3
 
% 0?  @	
  ? 1 /
 "###
 	  &  ! "" 33 
 * AB
 '=+.
%  		   1  	 &  4     3 
3 "
 ",$&'-'('+)
 '==$
%  		   1  	 &  C 33 3 4    #
"# #
 '#"; '<&+-$(+='
 '==-
% 		   1  	 & ﬂ3 4 ﬂ     3 
"
 )#+;)<&)''())#
 '===
% 		   1  	 &  03  !3 4  2  
    D !	   	
 ? & $ %  &
'  "
  ),$().. ! 33 2
 '===2
%  		
  1  	   1 "	 & !3 4 3 4   3
 4  3 # # #
 '$-;"<&".=("+'
 "###
%  		
  1  	  %  & %3  ﬀ  4 ﬂ
ﬁ  2 &     4 ;3< 33  &#
# #
 ")"&,#)(,',
 "##$
% F 1    #   1  	 & 	C 3 4  B 4 56
2 33B   3 #  #
 ',+&$,'($,+
 '=='
% F 1    #
 0    F "	 &   33
4  3  3 4    * "
 )#-
;),<&"=-()'"
 '===
G 		   $	! & 0333 3   3B # 	
# (
 $);.<&'",)('"$+
 '=+=
G 		   $	! &  3 3HH33  4 
  
 
  ﬀ 33  3  3
 # 	# (
 $,;.<&'.#=('."$
 '==#
"#"
  	

   	 	
  
    
 
 

      	    	 
	 

	 
 	 	 	 	 	 	  	 	ﬀ	   		   

!"#!$#% %##"
& '          
  
  (   )
 ** + ,  -,  		 ! ./012 %##"
& '                 * +-
*- * + -  ﬀ "	 	 #	 %40!2 %##%
& !
  &ﬀ ﬂ6 6  **,)- -7 "	 	  $	 %	
/80/2 14!"

 !"  #  $
 '      9 & 	 
	  
   + ﬂ-7 -  2  )) ,-
ﬂ *,  ) 9:; 2<- )-  -=:  
7-)6
 $ "		 %#0.211"1<11>! %##>
  ! ? "  9 %  	= + , -  ,*;: + -7
 ;: @,*     
   
   " & '

 	   "		 , "%!<"88 '6 -*-  1444
	 &   #  #      
  		 		
 
	 ; 144.
 A    
    ﬂ- + ,  -  6*) +*
 , * $ (! ) 8804214""<1484 144/
 	 A  
    (  '(  &* ) 
+ - 
 + 2  ) 
,  	
( - ! "			 /
0"21.#<1.> %##1
 	 	
  &: + B  + -% ,, -)B ,  A84#%"
6-  7: A ;: %##1

 		 
     
  
, -)-C + ) - + ,:
7: 6 ,  ,  B+   * *: ; !	
"	 8.0.!2!#!<!%# %##8
 	"  ?    
ﬂ ,) +* 6)  ;
 -*,- ;: ,  ) *	  
 84%"/><%8"# %##1
 9 	
""   ) B;* + ) ;-   +	 	ﬁ 	  )
-
 "..& / , "8"<>%8 *    1/!/
	)!    %##1  -)* -*B  B- ,  =;
,, -)B 	 %##1
	)!    %##1  -)* -*B   * -ﬁB ,, -)
B 	 %##1;
%#"
  	
  
       
    !  "
	#" !
  
 $  % $  &  ' ( $$ ) * 
$  $$ !  " 	#" +!
,!  	"  ! 
" ! 	" -!   .! 	 
 / '
0 
 1  2 3     &!
 " 456" !
,!  	" #! 	"  ! 
" ! 	" -!   .! 	 
 
 ' 2  (    3 2   
2   !  	 
" 7+8
9:+7" !
;!(!  		 
  ﬂ    (  "  
 !     " 47=>
48:58" 669!
;!(!  		" ! 	  ,! 	 
 . ﬂ 2  #2 2
3    %    !   
" 5= >
7" 9!
;!(!  		  ;!(,!   
 ? '3    2  
 !  !;!   !;! 	" $ 
   
	   !   	  ""  74:789!  @"
" @ '" 66!
;!(!  		  !   
 	&     / "
  ﬀ 2   2  ﬂ!    " 5=5>
5+7:5+4" 654!
;!(!  		  !  
 -2 ' ("  ' 2
ﬂ      "    !   
" 4
56:" 657!
;!(!  		" ,! 	  !  
 3     2
       %  '0  '  '  0 !
   " =5(6>
56:68" 666!
-!  	 
 -2 2 %   #ﬁ ! ! 	&  
?!  " &0=+>
+7:+88" 694!
C!     D! !" 
 	 #  $ 	 ! " 66!
E!  #" ;! $#" 	! ! %"	"  ! &" #! '	  	! 
	 
 (
0  &   2 #    2! 
! % &%'   () 		 ! 
* 	 + % ,--)."
46=1! @>
 86" +!
	!  	" ,! 	" -! F! ()#" F! 
*+	)""   !  
 #
'3     ﬀ0     %!  
" 8= >" !
G! ," ! ,*#  -! $	" 
 #  2 /  
 ﬀ 2 (
ﬂ ﬂ3 (  ' &   ! %   " 99
89:69" 9!
7
  	

 
   
   
 	
 
 
  
  	
  
 
 
   ﬁ   ! !"  !!#$$  % & $ !$
& $ !$$! $  ! $ ! %  '! &!
   	
 ()*()+*),
(---


   
 
 .
  

   
 

  	/'! $
$ $    '!   % &!0  !1 $ $  $
 ! (
 2% '!  /!' "#
3	   $'# $#& '!"# ! 4!#  '5  ' !&#
 	  
!    3  
  6$  
 	
	   	
			 
         7 ' 8 !$ (9-+(:9
 ;&
 &'! 3 # 3! "!  9<<9


    2
   2$$   0$ !$ ! %   % & ""$ % #
 % !    /'! $# "!$   !" %$!
 
  
 

8<=9>)*,+)?) 9<<*


 
    3
 
   '! $  % $%! $!   & ﬀ7$$  %
   $ !  % !"   / !$ ! '! &! '!  $!#
 	 
  
A
  6$  
	  ! "th 			  	!	
 	 	   	
#
	  7 ' (
 	 & $ !$  !'' &&!'  9<<9


 ;
      $
	
	 ! %
	  # !		 !  &
# 
 !' $$ 3! !$  (-?<


    2
   	

 ! 	  &! !"  ! ! 3 !
% '  $$  $ !$ 988+9?8
 
 
 7! 	$7 9<<,

3
 
     
    $  % $$ $   ! &!$! %!$ !
!! !# ﬁ'$
 '  $ (<<= 8>()(()+()()9 (--:


 
  !   3 "    7   ! &! % '!   ﬂ C !
!     $ '!
   '	 ),,:+:, (-??


 .
  
!   '5 !7$ !/! $!  ' !&#
 ( ' $
,*(<(*+(<99 (-8)

2
 D
  
  !! $$ $    %  1!5 $ $!$ $
 '
)	  :?99?+9,* (-??

#$		  !"   / ! ! $ !
 !  &1  9<<:


 D
 %  
 
 &  
 !  "th 			  	! 	 	 
 	 #
	  * '	 &! !7 !$  '   %    2
$1$!  ! 3
 !'  9<<9


 D
 % 
 
 & 
 
 '!  
 
 
  !7 !$  ' 
 %     9 $1$!   $! !1%$  & ﬂ  % !!1% $&!$ !
& !7 ﬀ7$$  % $! $ "# ! '! !   ! !
 ! $1$! 
 	 
	  + ,  	!  	 )-	 9<<(

D
 
 (  2
 
   9& ﬂ $ $  & D&$   & $ E
'! $ %  &  ! &$ #  % & !# 3  $&! 5  7  7
!!!
 ' .
  (<8*)+88* (--9

9<:
  	

            !    "# 
 	
$ %   	
  
 
 
  $ &
'()*+++  $ , $ -.$ $ /((0

      !  & !   !     	
$
'123+415/2+*/60$ /((2
"           &   $ (7162*176$
/((+
      #    	!8 !  !   4 !!
 !$   ﬁ  ,48   	
$ )315+16*
+)/$ /(76
    :  ;2 ,&  <& =     
  $ 26$ '00/
   %%     !  >%!$ ? 4
@   %! + ,%  "	$ -?% # 
 $ /((2
" 	 
	      

  ;     ! 
  $ +/0/410)*1/7$ /(6/
; 

$ " 	$    A 
   !   &4
 ?!  & ! !    . !
  "  

 # $ %  &$ )03/5/66*/('$ '002
# , 	$ ,  
$ <       <!! !   ;2
!&  &   .!! %
  
 $ +(3'5)0'*)//$ '002
   
 $#
	
 > -? $ /((1
 $ 	 
$ ;   # 	  ! !4&B  
4   !&      
$ '76(6(*/006$
/(76
<     !  <!B .&  <!?&  ! !   >
20  .   !&  
$ +02$ '001
, <   C    &!& ! % $
   $ //3'5+22*+7($ /(6+
#  
$ # "$ " #$	$ C  $ #4, $  
$ , %
	$ # &&$ , 
$  $$ , $ D , '$$
,  	$ D E  
&$ ;  
$  (&
$ ; #
$ 	    ,  
%
	  ;!       1'0000    D 
$  '	$ +((1'(*1+)$ /(((
; $ , $ : "!
$  !$ < 
$ " 
$ "  !$
 $    #  	  :  ;2 &  &
= & 
# #$ 7)3/14/25/216*/2)7$ '002
'0)
  	

              
  
 	 !"#$%&"'()&"'* (*!$


    
 +
   ,-    
 
  
$*#(%(.*)(// (*!(

0
  	
           
      
 12   345 6
0 (**"

0
  	
 7
 	 6
 		
 +
 
	   
 	  	 
        	8 4   

 	  $!#"%($*.)($*! $99(

0
  	
 6
-
 
	
 
 
	 	
 
	   
   ,:-; 
4 ﬂ ﬂ=    
  	  $.#'%'!.)'!! (**!

0
  	
 	
 	
	 
 	 >
 	  ?
 	 	  @
 :  8     :      
 
   !  "  #  	$ %&' /9#$%'!()'** $99.

0
  	
  
 
	  A ﬁ  -   7-C 
 :    
  ( 
 /(#(9%(*/')(*"9 
(**"


-?
 0
       -- 
  ( 
 
&$#*%('!')('!* (*"!

	
 
  	
  1 C : C :   
 ' # 	 "
) 
)   ' " $!'$9')$(* (*"/

	
 
  	
        8
    ")  
(&9#.%"$.)"&9 (*!'


 ,
  	 	
  6
 
 	  1    ;  : : 
  
 
%(*   (.#'%''*)'.( (*/*


  	  
 !" 6
 
 ?
 #	  
 
 $  1  
   = : 4      : 

  	  $99/


 >
 1
 >
  	  
 6
 "	
        --
  8    
   !  "  # 
.&#/%"$*)".9 (***


 
 
      :    :
 ' 	 "
 ($ (!/'


 6
 "	
  
 >
 1
 >
  	  7ﬁ :    ﬂ-
ﬀ 
 % 7
 6
 
	
 5  +   ) 
 , 4 (  ''&)'.'
 3=   (**9

$9"
  	
	
 
    
        
   
 ! "#$$

%
  	
 &
 
  '
   (2)2 *+   , -,)
  (2
 
 * ,. ,,  *, / * "  "00◦( ,. 
 100 /,
  	
 		
  1$ "1! 002

(
 
  


  
 (
   3 4  . ,  *,/ ,
.  . ﬂ6 ,. ,
  
 
	  

 
 7.  	
    	 
 ( **  %
"1 *, (*,
 "##0


 
  

 '
 8
 

  
 
 '
   %,, ,,   , 
(2   ,. /, , ,*
      
 00"


 
   
 9
  

 
 
 
 8
 

 :
 '
   '
 9
  
	
 
/  6  *, ,  ,, ,. , ,

	
 	 "$ 00"


    
  

  	+*, ;).    ,
  	

		
  <0 "!#=21 "#>1


    
  

    . .,
 
  
 ! "
 

"$>#=""> "#>#


 9
  
 
 
 
   8
 
 
 :
 '
   '
 9
  
 	
  (, 
6) *, , ,  	,? ,
  2## 1$21!<1#=<$
"###


 
 
  
  	!
   	   !
 (,*/. @4
 00

'
 4, . 

  ( , , ,. , *+, * .
 ,
- 8AA#2A## ()	 . 8 . , 9,/, 9, "##2


 &
 "
    ,.    ,B, ) , *, /*

#
  
 
 1 ""!00"=0< "#<#


 
 "	#
   
       $2     
%  & '(  )  * , ")"
 	4 00

'
 
 " 
 
 $	 %#  :
 '
 %
  , - (2 , 
 *, C ,   9.
 , -   (**.
 (A0"A012   , 4 00"
 :; , < ) ,4 *. 
 (2 ///

3
 "
  	D2A1   6, ,;,  *, *.  ,- * 
,;, 446 ,. ,, .
 , - @()8)""011 3  .

,6 4* %,, ,/, @ "##

0>
  	

       	        !"" 
#$ " %$$  
"  " &$'$ ! ! "! ()
 *+$ ,-.  # &) )//-0 
 + 1 2
3" 4 /550
6 	
   7     " " 4% $$ $"  
 ! ﬀ$    ﬂ! $%     	
 	  :0
*,);.5<-=5- 0--<
> 	
           +!$ ? !  2 "@
 " 2 $ $$ 

 


     3)
<:;- 0--:
 	 A  7)    ( B 
  +  
	C" $$ $"   "%" $ 
 D;<:<=
<, 0--:
 	   
   
   &     !"
  #
  	 $  $"$ ! C$   ﬁ$
!$")$" !! 2 $#$ $ *" A"! 3 .   
 	

   !"  #
 $%
  0--/
0-5
